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Drying droplets containing nonvolatile solutes (polymers, microspheres, 
nanoparticles, single-walled carbon nanotubes, DNA, etc.) on a solid surface have been 
utilized to yield self-assembled, dissipative structures, possessing dimensions of a few 
hundred submicrons and beyond. However, these dissipative structures created via 
evaporation are often irregular and far from equilibrium. Yet for many applications in 
microelectronics, data storage devices, and biotechnology, it is highly desirable to 
achieve surface patterns that have a well-controlled spatial arrangement. To date, only a 
few elegant studies have centered on establishing a means of harnessing the drying 
process of an evaporating droplet to produce highly regular structures. Among them, 
controlled evaporative self-assembly (CESA) in a restricted geometry stands out as an 
extremely simple route to creating intriguing one- or two-dimensional structures. In this 
geometry, the evaporation flux, the solution concentration and the interfacial interaction 
between the solute and substrate are precisely controlled, thereby producing intriguing, 
well-ordered structures with high fidelity and regularity. When compared with 
conventional lithography techniques, surface patterning by controlled solvent evaporation 
is simple and cost-effective, offering a lithography- and external field-free means of 
organizing nonvolatile materials into ordered microscopic structures over large surface 
areas. 
Over the past several years, I have crafted a wide range of intriguing and highly 
regular micro- and nanostructures composed of conjugated polymers, block copolymers, 
and latex particles, metallocene-containing polymers, etc. enabled by CESA in rationally 
designed “curve-on-flat” geometries. The mechanism of structure formation is elucidated 
both experimentally and theoretically. Moreover, by applying external magnetic field in 
conjunction with the solvent evaporative field, CESA of magnetic nanoparticles is 
promoted to yield intriguing asymmetry patterns. Finally, hierarchically structured 
wrinkles formed within the gradient stripes prepared by CESA are systematically 
vi 
 
scrutinized. As such, CESA represents a state-of-art strategy for crafting highly structured, 
multifunctional materials and devices for potential applications in optoelectronics, 






CHAPTER 1. INTRODUCTION 
Self-assembly, as the name implies, refers to the self-made organizational process of 
materials into surface patterns or structures in the absence of additional external forces. Self-
assembly processes are commonplace phenomena throughout nature and technology, and 
permeate length scales from the molecular in the microcosm to the planetary in the universe. 
Self-assembly is one of the few practical strategies for making ensembles of nanostructures, 
which is also an essential part of nanotechnology. Normally, self-assembly can serve as a tool 
to fabricate highly ordered, often intriguing structures with potential applications like optical 
and electronic devices. Self-assembly is common to many systems, from the non-covalent 
association of organic molecules, colloids and nanoparticles in solution to the growth of 
semiconductor quantum dots on solid substrates. The precise focus on spontaneous structures 
or pattern formation bridges the study of distinct components and complex systems.1, 2 In the 
self-assembling processes, the interactions of molecular self-assembly include noncovalent or 
weak covalent interactions, such as van der Waals force, electrostatic, and hydrophobic 
interactions, hydrogen, and coordination bonds.2-4 These interactions among individual 
components is determined by characteristics of components such as shape, surface properties, 
charge, polarizability, magnetic dipole moment, mass, solubility and so on.5 Although self-
assembly originated in the study of molecules, it is a strategy that is, in principle, applicable 
at all scales. The challenge lies in organizing components into desired microstructures and 





attraction, external magnetic or electromagnetic field,6, 7 capillary force and electric-field-
induced capillary force,8-10 and entropic interactions 11, 12 are selected and tailored for 
producing highly ordered and intriguing structures by improving interactions among the 
components. Among them, evaporative self-assembly has attracted a great deal of attention 
due to its simplicity and highly reproducibility. 
The technique of drying droplets containing nonvolatile solutes (polymers, 
microspheres, nanoparticles, single-walled carbon nanotubes, DNA, etc.) on a solid surface 
has been utilized to yield self-assembled, dissipative structures, possessing dimensions of a 
few hundred submicrons and beyond. Theoretical and experimental approaches to 
evaporative self-assembly can be divided into several representative categories. The first is 
“coffee rings”, which was first reported by Deegan and based on the mass conservation of 
solutes upon solvent evaporation. (Figure 1a and b) 13-15 The maximum evaporative loss of 
solvent at the edge of the droplet triggers the accumulation of solutes and creates a local 
roughness. As a result, the solutes transport to the edge and pin the contact line (i.e., “stick”), 
thus forming a coffee ring (Figure 1a). A subset of the coffee ring phenomena is the 
formation of a set of concentric rings formed by repetitive “stick-slip” motion. “Maragngoni-
Benard” convection cells are derived from the temperature gradient induced by fast solvent 
evaporation. The temperature gradient, in turn, leads to a surface-tension gradient along the 
droplet free surface, thus inducing a Marangoni (i.e., surface-tension-driven) flow that 
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bottom one: predicted (Ma=45 800). To observe a clear Marangoni vortex, the illumination plane was 
moved forward about 0.66 mm from the symmetrical axis of the droplet. 26 
However, the dissipative structures created via evaporation are often irregular and far 
from equilibrium. Yet for many applications in microelectronics, data storage devices, and 
biotechnology, it is highly desirable to achieve surface patterns that have a well-controlled 
spatial arrangement. In this context, in order to take advantage of the extreme simplicity of 
this nonlithographic, external field-free, top-down technique and exploit its full potentials, 
the evaporation process that involves a wide range of parameters, including the evaporation 
flux, the solution concentration, and the interfacial interaction among the solvent, solute, 
substrate, should be precisely and systemically controlled.  To date, only a few elegant 
studies have centered on the precise control of the evaporation process, including convective 
assembly in evaporating menisci, controlled anisotropic wetting/dewetting processes, 
evaporative lithography with a mask, and controlled evaporative self-assembly in confined 
geometries, to produce ordered and intriguing structures with unprecedented regularity. 
Among them, controlled evaporative self-assembly in a restricted geometry has been shown 
as a simple, rational preparation route for the creation of microscopic structures having high 
fidelity and regularity. It offers a means of organizing materials on the micro- and nano-scale 






This introduction aims to be not only a snapshot of the recent development of controlled 
evaporative self-assembly approaches made during the past years, but also to be employed as 
a guide to understand the mechanism (i.e., parameters tailored), intriguing structures (i.e., 
hierarchically organized structures of block copolymers) and their potential applications. 
Here, we place a special emphasis on controlled evaporative self-assembly in restricted 
geometries (i.e. constrained solutions). The drying of unconstrained polymer solution that 
leads to ordered structures will not be discussed here. For detail on this subject the reader is 
referred to some more comprehensive reviews. 27, 28 This article consists of three main 
sections. Section 1.1 of this review describes the various systems used to confine the 
evaporation process and related tailored parameters in these systems. Section 1.2 considers 
the various nonvolatile solutes (i.e., polymers, DNA, microspheres, etc.) contained within a 
droplet trapped between the restricted geometries. Their applications are the topic of Section 
1.3 Section 1.4 summarizes the importance of the approach and addresses the remaining 
technological challenges that lie ahead.   
 
Evaporation Process 
Basic Principles and Theoretical Background 
Drying a sessile droplet on a substrate can be understood and modeled through a basic 
transport analysis of evaporation and evaporation-induced flow. Therefore, in order to 





confined geometries, lubrication approximations or numerical analysis are desirable to 
predict the length scales of periodicity, height, and width, which can compare the 
experimental observations.  Although models of evaporating free pure liquid on flat 
substrates have been developed and reported, few theoretical studies have been performed on 
a solution containing nonvolatile solute evaporating in confined geometries. In most of case, 
they followed the “stick-slip” mechanism of evaporative self-assembly in confined 
geometries: A drop of polymer solution was loaded in a restricted geometry, thus leading to a 
capillary-held polymer solution, and the evaporation rate is highest at its extremity. As 
solvent evaporated, loss of solvent at the capillary edge triggered the pinning of the contact 
line (i.e., “stick”). Thus, the outmost stripe was formed. During the deposition of the solute, 
the initial angle of the capillary edge decreased gradually due to evaporation of solvent to a 
critical angle, at which the capillary force (depinning force) became larger than the pinning 
force. This caused the contact line to jump to a new position (i.e., “slip”), and a new strip was 
developed. Repeated pinning and depinning cycles of the contact line led to the formation of 
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have been successfully exploited to create polymer patterns by implementing tailor-made 
geometry to restrict the solution, which includes two parallel sliding glass substrates,29, 30 
cylindrical tube, two plates with one plate placed at a certain angle to the substrate,31, 32 two 
crossed cylindrical mounts, evaporative lithography and “curve-on-flat” geometries, as 
illustrated in Figure 2. These confined geometries provide a unique environment for 
remarkable control over the flow within an evaporating droplet, thus regulating structure 
formation.  
Yebu et al. manipulated two parallel plates to controllable constrain the polymer 
solution, and controlled the speed of the upper sliding plated to produce self-organized, 
mesoscale polymer patterns (i.e., dots, lines and ladder-like structures) on the stationary 
lower substrate at the drying edge.29 The shape and size of the resulting intriguing patterns 
were highly reproducible and controlled by experimental parameters such as sliding speed 
and polymer concentration. Higher sliding speed and lower concentration lead to slower 
evaporation rate, whereas slower sliding speed and higher concentration resulted in fast 
evaporation rate. Recently, Kim et al. reported the spontaneous, controlled formation of 
striped patterns of QDs over multiple length scales by regulating the motion of translation 
stage.30 Both parallel and crossed multi-component stripe patterns were prepared by 
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in the text. (c) Optical micrograph of gradient concentric ring patterns formed by deposition of MEH-
PPV in the geometry shown in Figure a and b. The white scale bar is 50 μm. 
A novel approach named evaporative lithography was utilized to pattern colloidal films 
by manipulating evaporative deposition of polymers beneath a mask, which induces periodic 
variations between regions of hindered and free evaporation.36, 37 The colloidal patterns can 
be regulated by varying the separation distance between the mask and underlying film, 
colloid volume fraction and mask design.  
It has demonstrated that concentric rings of polymer of high regularity were formed 
naturally and spontaneously via controlled, repetitive “stick-slip” motion of the three-phase 
contact line when a drop of polymer solution was confined between a curved upper surface 
and a flat substrate (curve-on-flat geometry), resulting in a capillary-held polymer solution.38-
47 The evaporation is restricted to occur only at the capillary edge due to the geometrical 
constraint and the evaporation rate is highest at its extremity. As a result, repeated pinning 
and depinning cycles of the contact line lead to the formation of gradient periodical stripes 
with regular spacing.47 Other ordered yet complex structures including spokes, fingers, 
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ordered structures, for example, dots, stripes and ladders governed by different mechanisms, i.e., 
dewetting, “stick-slip” motion, and fingering instability, respectively.50  
Solvent Effect: The choice of solvent is also of key importance in regulating the structure 
formation. Fast solvent evaporation enhances the convective force due to evaporative cooling, thereby 
forming fingering instabilities, convection cells, fractal branches, and so forth. By contrast, slow 
solvent evaporation suppresses instabilities, thus yielding highly ordered patterns. It is worth noting 
that the use of mixed solvents may trigger heterogeneous evaporation of solutions, which promotes 
the formation of intriguing complex structures in confined geometries.51 Notably, to facilitate the 
removal of solvent, a steady flow of gas can be introduced to the confined geometry, thus increasing 
the evaporation rate.52 
Composition Effect: A wide spectrum of soft materials of different chemical structures (e.g., 
amorphous, rubbery, and semicrystalline polymers, as well as conjugated organic molecules and 
polymers) and inorganic nanomaterials of different types, sizes, and shapes (e.g., nanoparticle, 
nanorods, tetrapods, disk-like particles, and spherocylinders) can be utilized to self-assemble into a 
variety of regular isotropic or anisotropic microstructures or nanostructures (e.g., nanowires and 
nanofibers) influenced by the nature of materials (e.g., strong intermolecular π-π interaction52) upon 
the confined evaporation. The ability to process two or more components sequentially30 or 
simultaneously53, 54 to form desirable multicomponent structures has been demonstrated on some 
occasions. When a drying droplet contains a binary mixture of block copolymer/nanoparticle (i.e., 





blend/nanoparticle (i.e., polymer A/polymer B/polymer A (or B)-modified nanoparticles), the synergy 
of phase separation of polymer blends, co-assembly of surface-functionalized nanoparticles and block 
copolymers that imparts preferential segregation of nanoparticles within a target block, and the 
destabilization of polymer mediated by the unfavorable interfacial interaction between the polymer 
and the substrate during evaporation in confined geometries, may result in appealing complex 
structures.51 
Molecular Weight Effect: The variation in molecular weight (MW) of polymers can lead to a 
pronounced change in the structure formation. At low molecular weight, the viscosity of the solution 
front is low and the dewetting process occurs. Consequently, no contact line is pinned and a liquid-
like thin film ruptures, yielding irregular structures.42 
Surface Chemistry Effect: The surface hydrophobicity of confined geometries, which is related to 
the interfacial interaction between the solute and the substrate, will predictably govern the structure 
formation.51 By capitalizing on the unfavorable interfacial interaction between the solute and the 
substrate (i.e., possessing a positive Hamaker constant, A), compelling regular structures may be 
produced due to the synergy of CESA of the nonvolatile solute and its destabilization effectively 
mediated by the unfavorable solute/substrate interaction.43 In addition, when the substrate is 
deliberately chemically modified (e.g., deposited with a functional silane agent), the electrostatic 
interaction or hydrogen bonding between the solute (e.g., positively charged) and the substrate (e.g., 
negatively charged) during the evaporation process is invoked, which may facilitate the adhesion of 





Patterned Surface Effect: It is not surprising that by patterning the substrate in confined 
geometries with conventional lithography techniques, for example, creating microscopic or 
nanoscopic posts of different shapes, parallel trenches, and so forth on the lower flat substrate, the 
outward flow that carries the solute to the capillary edge would be markedly modified. The polymer 
chains, such as DNA and conjugated polymer nanowires, may stretch, align, and immobilize in or 
around the patterns to form striking self-assembled structures. The combination of topographically 
patterned surfaces in confined geometries (physical heterogeneity) with chemical modification 
(chemical heterogeneity) may yield even more unexpected structures.51 
Geometry Effect: The confined geometry can be tailor-made to craft a rich family of surface 
patterns with controllable and predictable assembly enabled by CESA. The variation in size, shape, 
symmetry, and curvature of confined geometries as well as in the separation distance between two 
surfaces within a confined geometry will inevitably influence the evaporation process and the 
associated flow field, leading to interesting patterns with different morphologies. These specialized 
geometries can be further chemically and/or physically modified to afford even broader range of 
complex assembled structures with potential applications in microelectronics, optoelectronics, 
nanotechnology, and biotechnology, among other areas. 
Temperature Effect: Heating the lower substrate while keeping the upper surface cool would 
promote the solvent evaporation and impose a temperature gradient, which induces a Marangoni 
recirculation in the solution.26 Drying liquid droplets on the heating substrate has been performed to 





driven by surface-tension gradient could reverse the “coffee ring” phenomenon and produce different 
deposition patterns.26 Notably, the use of patterned heating of the substrate may allow rigorous 
control over temperature profiles, and thus the manipulation of both the flow filed and the structure 
formation. 
External Field Effect: The application of an additional external field (e.g., magnetic field,7 electric 
field,57 and mechanical shear) in conjunction with the solvent evaporative field may stand out as an 
effective strategy to promote the CESA of polymers and colloids. The external electric or magnetic 
field could make the deposition process more rapid,32 and thus reducing the number of defects in the 
formed structures, altering the spacing between them (for example, an increase in C-C on one side 
and a decrease of it on the other side when a magnetic field is applied next to the “curve-on-flat” 
geometry), and potentially achieving improved ordering and orientation of micro- and nanostructures, 
especially the long range ordering of nanodomains when block copolymers or block 
copolymer/nanoparticle mixtures are utilized as nonvolatile solutes.51 In addition to flow coating as 
noted in Section 2.2, mechanical perturbations (e.g., vertically pumping or laterally oscillatory 
shearing the upper surface in confined geometries) can be introduced during the CESA processes to 
impart or perturb the deposition patterns by modifying the flow symmetrically (i.e., pumping) or 
unidirectionally (i.e., oscillatory shearing) at the proper frequency and amplitude. Moreover, when 
DNA is used, air blowing may be applied in the confined geometry to expedite the evaporation 
process and align DNA to achieve 1D DNA nanofibers that may exceed several hundred micrometers 





Structure Formations with Various Materials 
In principal, nearly all soluble polymers can be processed by evaporative self-assembly 
in confined geometries, provided that the molecular parameter (such as molecular weight, pH 
value and solubility) and process parameter (such as concentration, temperature and 
humidity) are correctly adjusted. However, in order to make well-ordered and intriguing 
structures with large areas, some parameters like molecular weight and concentration, as 
mentioned above, are crucial. For our overview, at first, homopolymers like poly(methyl 
methacrylate) (PMMA) and polystyrene (PS) are chosen as nonvolatile solution to prepare 
PMMA and PS toluene solution used in the evaporative self-assembly in confined 
geometries. Consequently, the solution of block–copolymer (PS-b-P4VP and PS-b-PMMA) 
have readily assembled into a variety of intriguing hierarchically ordered structures enabled 
by controlled evaporative self-assembly. In addition, evaporative assembly has been applied 
to a wide spectrum of organic and inorganic particles of different types, sizes and shapes. 
   
Evaporation of Homopolymers  
PS and PMMA are first selected as solutes into the controlled evaporative self-assembly 
system due to their good toluene-soluble properties. The spontaneous formation of well-
organized mesoscale polymer patterns occurs during the course of solvent evaporation by 
constraining polymer solution in a sphere-on-Si geometry.43 Gradient concentric rings and 
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Evaporation of Block-copolymers 
Diblock copolymers composed of two chemically distinct chains covalently linked at 
one end are thermodynamically driven to self-assemble into a range of well-ordered 
nanoscopic domains, for example, spheres, cylinders, and lamellae, depending on the volume 
fractions of their components. 57, 60-62 Diblock copolymers are widely recognized as attractive 
building blocks for bottom-up nanofabrication processes, which have potential use in 
photonics, nanoeletronics, magnetic data storage and biotechnology.63-65 Combining 
controlled evaporative self-assembly at the microscopic scale with spontaneous self-
assembly at the nanoscopic scale by using a self-assembling block copolymer offers 
exceptional potential for creating complex, hierarchically organized structures.  
For example, evaporation of diblock copolymer polystyrene-b-poly (methyl 
methacrylate) (PS-b-PMMA) (Figure 8) confined in a spere-on-flat geometry yields 
concentric serpentine microstructures over large areas (see Figure). Selective solvent vapor 
annealing then transforms these microstructures into a macroscopic patterns of regularaly 
arranges microporous mesh arrays, while at the same time forming domains of nanoscopic 
cylinders of diblock copolymer.41(See Figure) Moreover, asymmetric comb block copolymer 
(CBCP) has also been used to produce CBCP nanocylinders vertically or horizontally to the 
substrate within the microscopic patterns, depending on the duration of solvent vapor 
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The well-ordered microscopic structures can be used as template for the preparation of 
other organic or inorganic materials with remarkable regularity. From discussed above, 
hundreds of gradient concentric polymer rings with remarkable regularity were first 
spontaneously formed on Si substrate via controlled self-assembly of polymer in a confined 
geometry (sphere-on-Si). The unprecedented regularity makes these polymer rings intriguing 
templates for producing concentric metal rings. For example, these concentric rings are 
exploited as a template to direct the formation of gradient concentric rings of multiwalled 
carbon nanotubes with controlled density.70(Figure 11) Also, polymer rings served as 
templates to direct the formation of concentric Au rings through UV (i.e., on MEH-PPV), 
thermal treatment (i.e., on PMMA), or selective removal of Au and polymer consecutively.44 
The template methods should readily extend to the fabrication of gradient concentric rings of 
other metal and metal oxides for biomedical applications with little toxicity. Also, periodical 
metal rings can serve as etching barriers for transferring patterns into Si substrate by reaction 
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investigate the width and thickness effect of wrinkles. By simply comparing the amplitude 
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Abstract 
Highly ordered gradient stripes of PS-b-P4VP block copolymer were obtained by 
combining the microscopic controlled evaporative self-assembly (CESA) of confined 
microfluid of PS-b-P4VP toluene solution in a “cylinder-on-Si” geometry with 
spontaneous self-assembly of micellar hexagonal arrays of PS-b-P4VP at the nanometer 
scale. The order of packed micelles within microstripes could be significantly improved 
by subsequent THF vapor annealing .The surface reconstruction of micelles led to the 
formation of nanoporous arrays when immersed in a selective solvent of the pore 
component. Gold nanoparticles were then selectively deposited into the core of micelles, 
and eventually forming the hexagonal arrays of gold nanoparticles after removal of 
polymer templates by oxygen plasma. The formation of gold particle arrays was verified 
by XPS measurement. 
 
Introduction 
Two-dimensional (2D) periodic structures have attracted intense interest owing to 
their potential applications in optics, photonics, electronics, magnetic materials, and 
biotechnology.1-4 Especially, self-assembly in block copolymer system, is a desirable 





technique (i.e. photolithography) in small scale (i.e. small than 30nm). Among a variety 
of block copolymers, many efforts are focusing on copolymer micelles, which consist of 
a core of insoluble block and a corona of the soluble block in a selective solvent. Self-
assembled block copolymer micelles may serve as a tool for fabricating nanopatterns 
with the controlled size and shape.5-8 Such nanopartterns can be used as templates to 
manipulate inorganic nanoparticles, by simply loading the metal precursors into the 
micelle core, and reducing them to nanoparitcles, including Au,9-12 TiO2,13 ZnO,14 Ag,15 
and Pd8,  followed removing polymer matrix via oxygen plasma or UVO treatment. 
However, depositing nanoparticles effectively in ordered arrays on a solid substrate over 
large areas cannot be easily achieved. In order to confine the self-assembly process 
within two-dimensional structure, some reports focused on combining top-down micro-
patterning techniques, such as photolithography and e-beam lithography, with the micelle 
process to create well-ordered arrays of inorganic nanoparticles. 16-18 However, these 
kinds of methods involve high processing and maintenance costs and require an iterative, 
multistep procedure that makes the structure formation process more complex and less 
reliable.  
Drying-mediated self-assembly of a solution droplet containing nonvolatile solutes 
(i.e. nanoparticles, colloids, and polymers) is an emergent surface patterning techniques 
for potential application in optical, microelectronics, and sensory devices.19-23 However, 
only a few studies have focused on precise control (i.e. evaporation flux, solution 
concentration and interfacial interaction) of the evaporation process to produce such 
highly ordered structures. Controlled evaporative self-assembly (CESA) in a restricted 





regularity.24-31 The surface patterning by controlled solvent evaporation is simple and 
cost-effective, which offers a lithography- and external-field-free means to organize 
nonvolatile materials into ordered microscopic structures over large surface area using a 
facile and simple routine. 
Herein, we demonstrate a simple route to prepare well-ordered polystyrene-block-
poly (4-vinylpyridine) (PS-b-P4VP) diblock copolymer stripes with large areas via 
controlled evaporative self-assembly in a confined geometry (i.e. Cylinder-on-Si 
geometry). By annealing the PS-b-P4VP in solvent vapor (i.e. THF), the lateral order of 
PS-b-P4VP micelles is evidently enhanced.  Immersion in a preferential solvent for P4VP 
(i.e. ethanol) may induce the surface-reconstruction of micelles, resulting in the well-
ordered nanoporous arrays here. Gradient strips were fabricated with PS-P4VP micelles 
having HAuCl4 in the P4VP core. The polymer template can be removed with oxygen 
plasma, which also allows the metal salt to be reduced to the metallic state, thus forming 
the gradient stripes of the gold particle arrays.  
 
Experimental Section 
Evaporative Self-Assembly of the PS-b-P4VP toluene Solution in a Cylinder-on-Si 
Geometry.  Polystyrene-block-poly (4-vinylpyridine) (PS-b-P4VP; number average 
molecular weight: PS=41.0 kgmol-1, P4VP=24.0 kgmol-1; Polydispersity=1.09; Polymer 
Source, Inc.) was dissolved in toluene at a concentration of 0.1 mgmL-1 and purified with 
200 nm polytetrafluoroethylene (PTFE) filters. The cylinder lens (L=9.5mm, H=4.0mm, 
W=11.0mm, Figure 12b) and silicon substrate were used as the upper and lower surface, 





mixture of sulfuric acid and Nochromix, then rinsed extensively with deionized (DI) 
water and blow-dried with N2. The cylinder-on-Si geometry was placed in a sealed 
chamber to minimize possible air convection and maintain constant temperature during 
the evaporation process.  
Surface Reconstruction via Vapor Annealing. The regular PS-b-P4VP patterns 
formed on the Si substrate were exposed to Tetrahydrofuran (THF) vapor for a certain 
period of time (i.e. 6 hours) in a closed vessel to achieve morphological reconstruction of 
PS-b-P4VP. The small piece of gauze soaked with THF solvent was placed into a 33 cm3 
vessel. The vessel was sealed by Teflon and placed in an argon grove box to avoid 
temperature and humidity variation. 
Preparation of Gold Particles in Block Copolymer Micelles. Tetrachloroauric acid 
(HAuCl4.3H2O) was obtained from Sigma and was used as received. HAuCl4.3H2O was 
added into prepared PS-b-P4VP toluene solution in the required amounts given in molar 
relation to the P4VP units. The molar ratio of Au3+/P4VP units in the final solution is 0.1. 
The resulting solution was subsequently stirred for more than 72 hours, allowing the Au3+ 
ions adequate time to migrate into the micelle P4VP cores and complex with the pyridine 
groups of P4VP.  Finally, the polymer template was removed by oxygen plasma (Harrick 
Plasma; PDC-001) at 30W and 300mTorr for 45mins.  
Characterization. The surface structures produced on Si substrate were 
characterized by optical microscopy (Olympus BX51 in the reflection mode) and atomic 
force microscopy (Dimension 3100 scanning force microscope in the tapping mode 
(Digital Instruments)). Vista probes (T190) with spring constants 48Nm-1 were used as 





performed with Al standard x-ray source (1486.6 eV). The samples were attached to the 
holder using double stick tape to isolate the charging effects. Patterns of nanoparticles 
were observed by a field-emission scanning electron microscope (FE-SEM; FEI Quanta 
250) operating at 20kv in High Vacuum.  
 
Results and Discussion 
The diblock copolymer, PS-b-P4VP was used as a nonvolatile solute and dissolved 
in toluene at a concentration of 0.1 mg mL-1 (See experiment section). Since toluene is a 
strong selective solvent for PS, PS-b-P4VP copolymers spontaneously assemble into 
spherical micelles with a soluble PS corona and an insoluble P4VP core in toluene 
(Figure 12a).32-34 The PS blocks formed coronae around insoluble P4VP cores to reduce 
energetically unfavorable interactions with the solvent.34, 35 A drop of PS-b-P4VP toluene 
solution was loaded in a restrictedd in Figure 12b), leading to a capillary-held polymer 
solution, and the evaporation rate is highest at its extremity. As toluene evaporated, loss 
of toluene at the capillary edge triggered the pinning of the contact line (i.e., “stick”). 
Thus, the outmost PS-b-P4VP stripe was formed. During the deposition of PS-b-P4VP, 
the initial angle of the capillary edge decreased gradually due to evaporation of toluene to 
a critical angle, at which the capillary force (depinning force) became larger than the 
pinning force.29 This caused the contact line to jump to a new position (i.e., “slip”), and a 
new strip was developed. Repeated pinning and depinning cycles of the contact line led 
to the formation of gradient periodical stripes of PS-b-P4VP (lower right panel in Figure 





After the evaporation completed, highly ordered gradient periodical stripes, 
persisting toward the cylinder/Si contact center, were obtained over the entire surface of 
the cylinder and Si except the region where the cylinder was in contact with Si. Three 
typical OM images at different radial distance, Xn (i.e., X1, where X is the distance from 
the cylinder/Si contact center, Figure 12b) are shown in Figure 13.  The use of confined 
geometry created highly ordered stripes over large areas.  It is noteworthy that the width,
w , the height of stripes, h , and the center-to-center distance, C C   between adjacent 
polymer stripes were found to decrease with increasing proximity to the contact center 
(Figure 13, from X1 to X3). Close examination of the stripes by atomic force microscopy 
(AFM) revealed the gradient, which decreased progressively from w =8.2μm, h =74.4nm, 
and C C  =16.2μm (X1=4500μm) at outmost region to w =4.2μm, h =54.6nm, and C C 
=11.9μm at the intermediate region (X2=4000μm)to w =2.7μm, h =35.2nm, and C C 
=7.6μm at the innermost region (X3=3500μm).  These observations can be attributed to 
the competition between the linear pinning force and nonlinear capillary force. 29 






          (1) 
where 0 is the molar volume of core monomers, Z is the aggregation number, 
which defined by 0 ( )A BZ Z N N
  . AN , BN  are the degree of polymerization of the 
insoluble core (P4VP) and the soluble corona block (PS), respectively. The experiment 
value of 1.66Z  , 1.93  , 0.79   were reported particularly for the PS-P4VP/toluene 





from the height profile in Figure 14c, 3f and 3i, the PS-b-P4VP strips in the region of X1, 
X2 and X3 are trilayer ( h =74.4nm), bilayer ( h =54.6nm), and monolayer ( h =35.2nm), 
respectively (Figure 14c,f,i). Large value of h implies a longer pinning time of micelles at 
the three-phase contact line, and large amount of micelles transforming to the contact 
line. During the course of solvent evaporation, with the meniscus moving inward, fewer 
micelles remain to pinning at the contact line, thus making lower height of stripes, finally, 
getting the monolayer from the innermost region. From AFM images of micelles in each 
layer (See supporting information, Figure S1), micelles in the bottom layer (Figure S1a, 
d, f) have the diameter of 35.6nm, which is consistent with the calculation results. 
However, in the upper layer (Figure S1b, c, e), the micelles become “smaller” (27.2nm) 
because of the upper layer micelles enchasing into the bottom ones, thus making them 
“smaller” in AFM images. This is also to explain why the heights of bilayer and trilayer 
are smaller than twice and thrice of monolayer, respectively. The axially symmetric 
cylinder-on-Si geometry provides a unique environment for controlling the flow within 
an evaporating droplet, which in turn regulates the structure formation.24-29, 37 Later on we 
will focus on the monolayer stripes in the innermost region. It is also of interest to note 
that the gradient PS-b-P4VP stripe patterns described here were highly reproducible.  
When the as-prepared PS-b-P4VP stripes exposed to the vapor of tetrahydrofuran 
(THF), the regularity of hexagonal order of PS-P4VP micelles improved significantly. 
After six hours of exposure vapor annealing under argon at room temperature, a 
hexagonal array of micelles with significantly enhanced lateral order was obtained, 
confirmed by a Fourier transformed pattern of white boxed area, as shown in Figure 15c. 





the distribution of diameter of the solvent-annealed micelles was sharpened, compared to 
the as-prepared stripes with broad size distribution of the micelles (Figure 15e).  The 
reduced diameter of the micelles could be caused by reduction of the aggregation number 
of copolymer molecules per micelle during THF annealing. Since P4VP has better 
solubility in THF than toluene, the redistribution of copolymer chains may occur during 
the vapor annealing, thus achieving the equilibrium state of micelles with smaller size, 
shaper distribution and highly packed order.18, 38 We note that the hexagonal order of 
micelles in the stripes was still short-ranged and also had less ordered than that of a spin-
coated film.5, 7, 16 This is presumable due to the defects existing in the stripes during the 
evaporative self-assembly process, while spin-coat, an extremely fast solvent evaporation 
case, could enhance better formation of compact monolayer of micelles, thus making 
long-ranged ordered micelles easily.39 
When the stripes were immersed in ethanol for 20mins, a good solvent for P4VP and 
a nonsolvent for PS, surface reconstruction of the stripes was observed with ordered 
arrays of nanoscopic pores. (See supporting information, Figure S2). Here, P4VP cores 
were swelled by ethanol and then diffused to the top of the PS matrix, leaving pores at the 
positions of the P4VP cores5, 40(schematically illustrated in Figure S2e). This is similar to 
the result of morphological reconstruction of PS-b-PMMA diblock copolymer by acetone 
vapor, a preferential solvent for PMMA, in our previous work.41 It is noteworthy that the 
reconstruction by the ethanol leading the nonporous would not change the average 
spacing between the adjacent P4VP cores (45.3 nm), which is similar to the value of 
starting micelles (44.9 nm). This kind of surface-reconstructed micelles can be used as 





A variety of nanoparticles can be synthesized with PS-b-P4VP micelles by loading 
of their precursors to the P4VP cores18, 32, 33, 42. The periodic organization of PS-b-P4VP 
stripes may serve as an intriguing template for producing well-ordered metal stripes.  
Here, tetrachloroauric acid (HAuCl4.3H2O) was used as the precursor of gold 
nanoparticles and was selective loaded into the P4VP core. When mixing the PS-b-P4VP 
toluene solution with the precursor, the Au3+ ions can easily attach to the pyridine groups 
of P4VP by protonating the pyridine units, through ionic-polar interactions.11, 42, 43 Again, 
as shown in Figure 12b, gradient strips were fabricated with PS-P4VP micelles having 
HAuCl4 in the P4VP core, instead of pure micelles. Figure 16a and Figure 16b show the 
AFM height images of stripes and micelles before oxygen plasma, respectively, which is 
similar to the pattern with pure micelles. To fabricate the arrays of gold nanoparticles, the 
copolymer template containing HAuCl4 precursor was treated with oxygen plasma for 
45mins (Figure 16c, 5d). It well known under the effect of oxygen plasma, the Au3+ ions 
were reduced to elemental Au, as well as removal of the organic copolymer template. 9, 18 
The location and the order of the pattern will be preserved, as the original pattern of the 
starter micelles. It is noteworthy the particles (in Figure 16d) had much smaller diameter 
(9.8 nm), comparing the micelles in Figure 16b (35.2 nm). Moreover, the profiles (Figure 
16e-f) give the height variations of the stripes, which were also reduced dramatically. The 
reduced diameter and height of the pattern is possibly from the densification by removal 
of P4VP core.33 However, the spacing of the patterns was almost the same with an 
average value of 45.8 nm, regardless of template removal or not, thus indicating the 
original order of micellar arrangement is conserved, even when the polymer matrix is 





gold particles after oxygen plasma are shown in Figure S3. The gold particle arrays, 
which appear light in the SEM images, coincide with the AFM images. From the SEM 
image, arrays of discrete gold nanoparticles are clearly observed on large surface areas. 
To future demonstrate the successful decoration on the P4VP cores, the samples before 
and after exposure to the oxygen plasma were close investigated by X-ray photoelectron 
spectroscopy (XPS), as shown in Figure 17. Before oxygen plasma treatment, the core of 
micelles in the stripes was still loaded with the metal precursor rather than metal 
particles, thus making peaks of gold elements disappeared (Figure 17a, the top spectrum). 
After exposure to the oxygen plasma, the characteristic peaks of Au 4d were observed, 
indicating the appearance of gold elements after the treatment (Figure 17a, the bottom 
line), which resulting in bare Au nanoparticles on top of the Si substrate. The remaining 
carbon peak after oxygen plasma (C 1s) may be possible from the organic contamination, 
when transferring the samples from oxygen plasma to XPS measurement.  When we 
scanned the gradient gold stripes with emphasis on the Au 4f lever (i.e. perpendicular to 
the stripes, from outmost to innermost region), the intensity of the Au 4f peak was 
interestingly observed to keep decreasing with the scanning (Figure 17b).  The decreasing 
width, height of the stripes, and the distance between adjacent stripes made the 
decreasing density of micelles, thus causing the intensity of the Au particles to decrease, 
and resulting in the decreasing intensity of 4f spectrum, from the outmost region to 
innermost region. The 3D view of XPS Au 4f spectrum is consistent with the distribution 
of the stripes with micelles, from the outmost region to the innermost to the blank center 








In conclusion, we demonstrate a simple route to fabricate gradient stripes of PS-b-
P4VP block copolymers by combine controlled evaporative self-assembly at the 
microscopic scale with spontaneous self-assembly of micelles at the nanoscopic scale by 
using PS-b-P4VP block copolymer micelles. Ordered arrays of micelles can be achieved 
during solvent annealing in THF vapor. By coupling the micelles stripes with referential 
solvent for the core component (i.e. P4VP), arrays of nanoporous could easily be 
fabricated.  Finally, well-ordered arrays of gold particles were fabricated by using the 
micelles template, which containing the gold precursor in the P4VP core, after oxygen 
plasma.  It is noteworthy that variety of nanoparticles could be synthesized into the 
micelles cores, thus making the method a good way to organize these functional 
nanoparticles in specific arrangement with controllable size and shape in ordered arrays. 
The block copolymer micelle approach can be a promising solution for many device 
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Abstract 
By capitalizing on a simple, robust, and fast approach based on controlled evaporative 
self-assembly in a cylinder-on-flat geometry, two kinds of polystyrene (PS) latex 
nanoparticles with different diameters (i.e., D = 50 nm and 500 nm, respectively) were 
deposited on the Si substrate, forming well-ordered “coffee rings” composed of PS 
nanoparticles. Within a “coffee ring”, the packing of PS nanoparticles was found to be 
dependent upon the particle diameter. More intriguingly, when the aqueous solution of mixed 
two PS nanoparticles was used, “coffee rings” of small particles were positioned at the edge 
of three-phase contact line (D = 50 nm), followed by the adjacent deposition of large 
particles (D = 500 nm). These assembled deposits consisting of monolayer- or multilayer-
thick latex nanoparticles over large areas may offer potential for applications in electronic 
devices, photonic bandgap materials, biosensors, particle sorting, and disease diagnosis. 
 
Introduction 
The ability to assemble and position colloidal particles is of practical interest for 
developing miniaturized optical, electronic, optoelectronic, information-storage materials and 
devices, and biosensors.1, 2 A variety of methods have been adopted for structuring particles 
on a flat substrate, including gravitational sedimentation,3, 4 electrophoretic deposition,5 and 
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surface modification.6, 7 Recently, a template-directed assembly approach has been widely 
used to guide the deposition of colloidal particles into well-ordered arrays. However, these 
pre-defined templates are commonly prepared by top-down conventional lithography 
techniques (e.g., e-beam lithography, soft lithography, and nanoimprint lithography) that are 
costly, complex and require a multi-step process. In this regard, evaporation-driven 
convective self-assembly has emerged as an extremely simple, appealing strategy to 
assemble and position the particles into useful structures.8-14 However, due to the lack of 
control over the evaporation of volatile solvent, it is difficult to achieve a regular pattern over 
large areas.  
In order to fully capitalize on the evaporation as a simple, lithography- and external 
field-free route to producing intriguing, ordered structures over large areas, it is crucial to 
control the evaporative flux, solution concentration, interfacial interaction between the 
solvent, the solute and the substrate, etc. To this end, a few elegant studies have centered on 
precise manipulation of the evaporation process in confined geometries (e.g., two parallel 
plates with the top one sliding on the lower stationary substrate,15, 16 cylindrical tube,17  or 
curve-on-flat geometries18-36) from which self-organized mesoscale patterns are readily 
obtained. Herein, we report a simple yet versatile method to assemble latex nanoparticles into 
regularly arranged stripe patterns (i.e., coffee ring-like deposits) over large areas by 
subjecting a drop of polystyrene (PS) latex nanoparticle aqueous solution to evaporate from a 
liquid capillary bridge formed by confining the solution between a cylindrical lens and a Si 
substrate (i.e., cylinder-on-flat geometry). A distinct difference in the surface morphology of 
PS stripes was observed with different nanoparticle diameters; that is, stripes composed of 
single layer nanoparticles were formed when large PS latex particles were used (D = 500 nm), 
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while stripes composed of multilayer nanoparticles were yielded when small PS latex 
particles were utilized (D = 50 nm). Quite intriguingly, when the aqueous solution of mixed 
these two PS nanoparticles was employed within a coffee ring-like stripe, small PS particles 
were positioned at the capillary edge, followed by positioning large PS particles next to them. 
The implementation of a cylinder-on-flat geometry suppressed the temperature gradient and 
associated convective flow, thus providing remarkable control over the solution evaporation 
during the deposition of nanoparticles. This method is fast and cost-effective, eliminating the 
need for multistage lithography and externally applied forces.  
 
Experimental Section  
Evaporative Self-Assembly of the PS Latex Particle Aqueous Solution in a Cylinder-on-
Flat Geometry.  The aqueous solutions containing PS latex particles with diameter of 50 nm 
and 500 nm labeled with red and blue fluorescent dyes, respectively, were purchased from 
Thermo Scientific and diluted to a constant concentration (c = 0.01wt% particle solids) 
without further purification. A mixed nanoparticle aqueous solution was also prepared by 
mixing 50 nm and 500 nm PS nanoparticles at the same concentration, c = 0.01wt% (weight 
ratio of 50 nm PS: 500 nm PS = 1:1). The Si substrate was cleaned with a mixture of sulfuric 
acid and Nochromix, then rinsed extensively with deionized (DI) water and blow-dried with 
N2. A thin film of hexamethyldisilazane (HMDS，99.9%) was spin-coated (3000rpm and 
60s) on the Si substrate to change its surface property from hydrophilic to hydrophobic. The 
cylindrical lens (L = 9.5 mm, H = 4.0 mm, W=11.0 mm, Figure 18a and 1b) was treated with 
octadecyltrichlorosilane (OTS) vapor to coat a thin film of OTS on the lens surface and 
placed on the Si substrate, thus forming a symmetry wetting between the hydrophobic 
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HMDS-coated Si substrate and the hydrophobic OTS-coated cylinder. The resulting cylinder-
on-flat geometry was placed in a sealed chamber to minimize possible air convection and 
maintain constant temperature during the evaporation process. To study controlled 
evaporative self-assembly of PS latex nanoparticles in the cylinder-on-flat geometry, a drop 
of nanoparticle aqueous solution (volume, V = 30 μL) was loaded and bridged the cylinder 
and the Si substrate, yielding a capillary-held solution, where the evaporation rate was 
highest at the capillary edge (Figure 18b).19 After the evaporation was complete, the patterns 
formed on the HMDS-coated Si were investigated. 
Characterization. The stripe patterns formed from controlled evaporative self-assembly were 
examined by optical microscopy (OM; Olympus BX51 in the reflection mode) and atomic 
force microscopy (AFM; Dimension 3100 scanning force microscope in the tapping mode 
(Digital Instruments)). Fluorescent micrographs were obtained with the confocal fluorescent 
optical microscope (Leica SP5 X). Vista probes (T190) with spring constants 48Nm-1 were 
used as scanning probes. The patterns were also evaluated by field-emission scanning 
electron microscope (FE-SEM; FEI Quanta 250) operating at 10kv under high vacuum.  
 
Results and Discussion 
         Rather than the conventional sessile droplet evaporation, the PS latex nanoparticle 
aqueous solution was restricted in the cylinder-on-flat geometry. As a result, the evaporation 
only occurred at the constrained capillary edge. To promote the evaporation of water, the 
aqueous solution was heated at a fixed temperature, T = 800C by placing a heat plate beneath 
the Si substrate. As water evaporated, PS latex nanoparticles were transported from the 
solution to the capillary edge and pinned the contact line (Figure 18c), thereby forming a 
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coffee-ring like deposit. During the deposition process, the initial contact angle of the 
meniscus at the capillary edge gradually decreased to a critical value due to continuous 
evaporative loss of water, at which the depinning force (i.e., capillary force) became larger 
than the pinning force. This caused the contact line to jump to a new position, where it was 
pinned again and a new “coffee ring” was thus yielded (Figure 18c).19 Consequently, the 
repetitive pinning and depinning (i.e., “stick–slip” motion) of the contact line produced a 
lateral surface pattern consisting of hundreds of highly ordered concentric “coffee rings”. 
Locally, they appeared as parallel stripes (Figure 19). This is in stark contrast with the 
generally irregular surface patterns formed from a sessile droplet evaporation as in copious 
past work.37  
Notably, the use of confined geometry facilitated the creation of highly ordered 
stripes over large areas. Three representative optical micrographs of parallel stripes obtained 
by using different particle sizes (D = 50 nm, 500 nm, and their mixture at the weight ratio of 
50 nm: 500 nm = 1:1, respectively) are shown in Figure 19. The solution concentration (c = 
0.01wt%) and the loading volume (V = 30 μL) were kept the same for all PS particle 
solutions used in the study, however, three distinctively different surface patterns were 
observed. For the 500 nm PS nanoparticles, periodic but discontinued stripes composed of 
individual nanoparticles were produced via the “stick-slip” motion. The stripes were clearly 
separated from one another (Figure 19a). By contrast, the use of small particles as nonvolatile 
solute yielded straight, continuous stripes consisting of closely packed particles (D = 50 nm; 
Figure 19b). When a mixed nanoparticle solution was employed, complex surface patterns 
were formed (Figure 19c). Along the solution receding direction, the stripe was first highly 
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packed, followed by the presence of loosely scattered large particles (the inset in Figure 19c). 
It is worth noting that the formation of these regularly arranged stripes described above is 
highly reproducible. 
Close examination of surface patterns by SEM revealed a noteworthy influence of 
particle size on its organization within stripes. It is clearly evident that the 500 nm particles 
were not fully connected to each other in a stripe (Figure 20a), consistent with the optical 
microscopy observation (Figure 19a). It should be noted that the stripes were monolayer 
particle thick; this is, for the first time, obtained via controlled evaporation in the confined 
geometry. The width of stripes depended on the number of particles in a stripe. By contrast, 
densely packed stripes were produced in the 50 nm particle case (Figure 20b). The small 
particles aggregated to form a multilayer stripe (see a cross-sectional view in Figure S1c in 
the Supporting Information). The maximum height of stripe was about 360 nm, 
approximately seven times the diameter of single 50 nm PS nanoparticle, suggesting a high 
degree of aggregation. The formation of these two differently packed patterns can be 
rationalized as follows. As the solution concentration (c = 0.01wt%) and the solution volume 
(V = 30 μL; indicating the same mass of particles) were fixed in the study, the number of 500 
nm particles was much less than 50 nm counterparts in the solution (i.e., three orders less 
assuming the same density of PS particles; (500/50) 3 = 103). Moreover, because the 
evaporation rates for the aqueous solution containing different nanoparticles at the capillary 
edge were the same as a constant heating temperature on the Si substrate was applied, the 
force dragging nanoparticles from the solution to the contact line can thus be assumed the 
same for different nanoparticles. However, because of the larger weight of the 500nm 
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particle, their transportation was much slow during the drying process as compared to the 
case of lower weight, 50 nm particles. In other words, smaller nanoparticles possessed higher 
mobility than larger ones.  As a result, fewer 500 nm PS particles can easily reach the contact 
line during the deposition process (i.e., “stick”), thus forming the monolayer, interrupted 
packing of nanoparticles (Figure 19a). By contrast, large amount of 50 nm particles can be 
readily transported and reach the contact line to form the multilayer, dense packing (Figure 
19b).  
We note that the implementation of the cylinder-on-flat geometry greatly suppressed 
the temperature gradient and associated convective flow in the experiment. In an evaporating 
liquid droplet on a heating substrate, the shape of deposits is determined by the competition 
between two convective flows, i.e., radial flow and Marangoni recirculation,38 as illustrated 
in Figure 21a. The radial outward flow is induced by the solvent evaporation, which is largest 
at the edge of droplet. The radial velocity, 	
௥ܸ௔ௗ~݆/ߩ, where j is the evaporative mass flux and  is the density of drop liquid.39 In 
order to compensate the solution loss due to evaporation, the outward flow carries 
nonvolatile entrained solutes (e.g., particles) from the inner solution to the droplet edge and 
pin the contact line, forming the familiar “coffee-ring” patterns. The other relevant 
convective flow is the Marangoni recirculation. Marangoni flow is caused by temperature-
gradient-induced surface tension gradient, which carries particles that are near the free liquid 
surface of the droplet inward toward the top of the droplet and then plunges them downward, 
forming bump-like depositions.40 The loop velocity of Marangoni flow scales as	ܸܯܽ~ሺ1/
32ሻሺߚ∅݅2∆ܶ/ߤሻ, where    is the surface tension gradient with respect to temperature, i  is 
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the wetting angle of the drop,  is the dynamic viscosity, and T is the temperature 
difference between the edge and the top of droplet.41 The final pattern reflects a balance 
between the radial flow and Marangoni flow that operate in the different directions. However, 
in our study, due to the use of confined geometry to regulate the evaporation process, 
Marangoni flow was suppressed due to the application of the upper cylindrical lens (Figure 
21b). As a result, the retained radial flow governed the formation of periodically arranged 
stripes via the “stick-slip” motion. Additionally, we note that the heating temperature (T = 
80oC) was critical in the present study. At lower temperature (T = 60oC), the evaporation rate 
was quite low at the water/air/substrate three phase contact line, thus making the radial flow 
insufficient to transport particles to the contact line during the evaporation process. Thus, less 
ordered patterns were formed (Figure S2a-c in Supporting Information). On the other hand, 
the higher temperature (T = 100oC; close to the boiling point of aqueous solution) led to the 
formation of some bubbles situated on the stripes, breaking the uniformity of stripes (Figure 
S2d-f). 
We now turn our attention to address qualitatively the intriguing observations shown 
in Figure 19c and 3c, in which, within a stripe, small PS nanoparticles were first positioned 
in a densely packed manner and large PS nanoparticles were then positioned in a loosely 
packed fashion when the mixed nanoparticle aqueous solution was allowed to evaporate in 
the cylinder-on-flat geometry. The 50 nm and 500 nm particles were labeled with red and 
blue fluorescent dyes, respectively, thus the resulting surface patterns can be readily 
visualized by a fluorescence microscope to scrutinize the distribution of PS nanoparticles of 
different diameters inside stripes. Clearly, individual luminescent stripes were composed of 
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closely packed red nanoparticles (D = 50 nm) and scattered blue nanoparticles (D = 500 nm) 
as evidenced in Figure 22a and 5b. Blue nanoparticles were observed using a 405 nm 
excitation wavelength with an emission filter of 430-500 nm (Figure 22a). Red nanoparticles 
were differentiated using a 542 nm excitation wavelength with an emission filter of 605-
620nm (Figure 22b). The superposition of these two fluorescent micrographs revealed that 
red-emitting nanoparticles were pinned first to form closely packed deposits, followed by 
adjacent deposition of blue-emitting nanoparticles to complete the formation of a stripe 
(Figure 22c). It is noteworthy that the minimal interstitial space between the 500 nm particles 
can be calculated 6( 1)
2
R = 0.225*R = 112.4 nm, assuming the 500 nm particles were 
packed into a regular tetrahedron. This minimal space is still larger than the size of small 
nanoparticles (D = 50 nm), indicating that small nanoparticles can move freely in the mixed 
particle solution without the interference from large nanoparticles. Moreover, as discussed 
above, during the particle transportation process, small nanoparticles could reach the contact 
line faster than large ones due to their high mobility in the solution, and were thus positioned 
first at the contact line. The presence of large amount of small particles (103 larger than large 
particles) favored dense packing and yielded a multilayer deposit (Figure 22d). By contrast, 
as large nanoparticles reached the contact line later and there were fewer particles in the 
solution, they formed discontinuous, monolayer-thick deposit adjacent to small nanoparticles 
within the stripe (Figure 22d). Notably, the curvature of the meniscus may also promote the 
separation of nanoparticles of different sizes. Small nanoparticles can be consistently 
transported to the contact line first due to lower local thickness of the meniscus, at which 
large nanoparticles cannot be accommodated and had to situate after the positioning of small 
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nanoparticles (Figure 22d).42 This controlled positioning (i.e., size-dependent separation near 
the three-phase contact line) technique utilizing controlled evaporative self-assembly in a 
confined geometry may provide a facile route to size-dependent nanomaterials sorting.  
 
Conclusions 
In summary, by subjecting the PS latex nanoparticle aqueous solution to evaporate in a 
cylinder-on-flat geometry, well-ordered, monolayer- and multilayer-thick PS nanoparticle 
stripes were produced via controlled evaporative self-assembly of large and small particle 
aqueous solutions, respectively. Quite intriguingly, small and large nanoparticles can be 
positioned adjacently to one another within the stripe when an aqueous solution of mixed PS 
nanoparticles of different sizes was employed. This controlled evaporative self-assembly 
technique offer a simple yet robust route to assemble and position particles, mixed particles, 
and other nanomaterials into spatially regular patterns for use in electronic devices, photonic 
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ASSEMBLY OF HIERARCHICALLY STRUCTURED 
BOTTLEBRUSH BLOCK COPOLYMER WITH 
NANOCHANNELS 
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Wei Han, Myunghwan Byun, Lei Zhao, Javid Rzayev, and Zhiqun Lin* 
 
Abstract  
The toluene solution of a bottlebrush block copolymer, polystyrene-polylactide (PS-
PLA), was confined in a cylinder-on-flat geometry, from which the consecutive “stick-slip” 
motion of the three-phase contact line of the PS-PLA solution was effectively regulated as 
toluene evaporated, thereby yielding gradient stripes at the microscopic scale. Subsequent 
selective solvent vapor annealing led to the formation of hierarchically structured PS-PLA in 
which the lamellar nanodomains of PS-PLA normal to the substrate were obtained within the 
microscopic stripes. After the selective removal of the PLA blocks by enzymatic degradation, 
nanochannels were yielded within the stripes. This facile approach by combining the 
controlled evaporative self-assembly with subsequent solvent vapor annealing opens up  a 
new avenue to rationally organize and engineer self-assembling building blocks into 
functional materials and devices in a simple, cost-effective and controllable manner. 
 
Introduction 
Spontaneous self-assembly of nanoscale materials to form intriguing, complex yet 
well-ordered structures via the evaporation of a sessile droplet containing nonvolatile solutes 
provides a simple means to fabricate functional materials.1-7 However, flow instabilities 
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within the evaporating droplet often result in irregular dissipative structures (e.g., fingering 
instabilities, convection patters, etc.).4, 8-9 To date, a few elegant methods have emerged to 
precisely control the evaporation process to produce highly ordered structures that are 
technologically relevant. Among them, controlled evaporative self-assembly (CESA) of a 
droplet constrained in restricted geometries (e.g., sphere-on-flat) renders the creation of 
intriguing structures with high fidelity and regularity.10-23 Diblock copolymers composed of 
two chemically distinct chains that are covalently linked at one end are thermodynamically 
driven to self-assemble into a range of well-ordered nanodomains, including spheres, 
cylinders and lamellae, depending on the volume fractions of the components. The size of 
nanodomains governed by the molecular weight of the polymer is typically on the order of 
tens of nanometers, thereby offering a facile route to nanodevice fabrication and 
nanotechnology.24-25 Notably, among a variety of block copolymers, polylactide (PLA) 
containing block copolymers with cylindrical and lamellar morphologies are particularly 
attractive as they offer a facile route to produce nanoporous and nanochannel materials and 
devices by hydrolysis of the PLA block.26-27  
Hierarchical structures over multiple length scales are highly desirable for many 
technological applications. The use of micro-patterning techniques (e.g., photolithography 
and e-beam lithography) to produce hierarchical structures involves high processing and 
maintenance costs and requires an iterative, multistep procedure that makes the structure 
formation process more complex and less reliable. By contrast, techniques that combine top-
down controlled self-assembly (i.e., forming microscopic features) with bottom-up 
spontaneous self-assembly (i.e., forming nanoscale features) provide a lithography- and 
external-field-free means to create hierarchically organized structures.10, 14, 28  
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Herein, we report a simple yet robust technique based on the controlled evaporative 
self-assembly (CESA) of a newly synthesized bottlebrush block copolymer (BBCP), 
polystyrene-polylactide (PS-PLA) in a restricted geometry composed of a cylindrical lens 
situated on a flat substrate (i.e., cylinder-on-flat geometry) to produce gradient stripes of PS-
PLA at the microscopic scale. Subsequent solvent vapor annealing promoted spontaneous 
microphase separation of PS-PLA, forming lamella of PS and PLA oriented normal to the 
surface of stripes at the nanoscale. Selective removal of PLA arms by enzymatic degradation 
resulted in the formation of nanochannels within the microscopic stripes, thereby yielding 
hierarchically organized structures over large areas. This technique offers a promising route 
for crafting hierarchically ordered structures for use in optical, electronic, optoelectronic, and 
magnetic materials and devices.  
        
Experimental Section  
Synthesis and Characterization of PS-PLA Bottlebrush Block Copolymer (BBCP). A PS-
PLA BBCP with an ultrahigh molecular weight of 61.2 10 g/mol was synthesized according 
to the procedure previously reported by us.29 The PS and PLA arms were densely grafted 
along the polymethacrylate backbone through the ester group. The lengths of the backbone, 
the PLA arm and the PS arm are 90nm, 6.3nm and 6.5nm, respectively.29-30 The volume 
fraction of PS arms was calculated to be 60%.  
Controlled Evaporative Self-Assembly (CESA) of the PS-PLA toluene Solution in a 
Cylinder-on-Flat Geometry.  PS-PLA was dissolved in toluene at a concentration of 0.15 
mgmL-1 and purified with 200 nm polytetrafluoroethylene (PTFE) filters. The Si substrates 
were cleaned with a mixture of sulfuric acid and Nochromix, then rinsed extensively with 
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deionized (DI) water and blow-dried with N2.  A thin film of hexamethyldisilazane (HMDS) 
was spin-coated at 3000rpm for 60s on the Si substrate to change the surface property of Si 
substrate from hydrophilic to hydrophobic.42 The cylindrical lens (L=9.5mm, H=4.0 mm and 
W=11.0mm; Figure 243b) and HMDS-treated Si substrate were used as the upper and lower 
surface, respectively, to construct a cylinder-on-flat geometry. This geometry was then 
placed in a sealed chamber to minimize possible air convection and maintain constant 
temperature during the evaporation process.  
Surface Reconstruction via Solvent Vapor Annealing. The highly regular, gradient PS-PLA 
stripes formed on the HMDS-coated Si substrate were exposed to the chloroform vapor for 
12 hrs in a closed vessel to achieve morphological reconstruction of PS-PLA. The small 
piece of gauze soaked with chloroform was placed into a 29.4 cm3 vessel. The value of 
chloroform vapor pressure, P, was calculated to be 14.5 N cm-2 based on /sP m RT MV .10  
The vessel was sealed by Teflon and placed in an Ar grove box to avoid temperature and 
humidity variations. 
Degradation of PLA Arms in PS-PLA BCCP within Stripes. Proteinase K was purchased 
from Sigma and used without purification. The enzymatic degradation was performed by 
immersing the sample into the degradation solution prepared by adding 1.0mg of Proteinase 
K into 5mL of Tris-HCl buffer (pH=8.6) at 37oC in an oil bath for various times. After the 
degradation was terminated, the sample was dried under vacuum for 12 hr at room 
temperature. 
Characterization.  The evaporation took less than 30 min to complete. Afterward, the 
cylinder and the HMDS-coated Si substrate were separated. Because of the curvature effect 
of the cylinder, only the patterns formed on the flat HMDS-coated Si substrate were 
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characterized by optical microscopy (OM; Olympus BX51 in the reflection mode) and 
atomic force microscopy (AFM, Dimension 3100 scanning force microscope in the tapping 
mode; Digital Instruments). Vista probes (T190) with spring constants 48Nm-1 were used as 
scanning probes.  
 
Results and Discussion 
Nanomaterials with domain sizes large than 100nm are highly desirable for 
applications in photonics and ultrafiltration. However, they are difficult to obtain by the self-
assembly of linear block copolymer. Recently, nanostructured materials with large domain 
spacings of 100nm and beyond have been successfully achieved using a novel PS-PLA 
BBCP,29 synthesized by a combination of living radical polymerization and ring-opening 
polymerization. The self-assembly of PS-PLA at the air/water interface was explored.30 In 
the present study, a PS-PLA BBCP with an ultrahigh molecular weight of 61.2 10 g/mol was 
employed as the nonvolatile solute to prepare the PS-PLA toluene solution. The chemical 
structure and schematic representation of PS-PLA are depicted in Figure 243a and 1b, 
respectively. This BBCP is a comb-like macromolecule with highly densely grafted PS and 
PLA arms along the polymethacrylate backbone (Figure 243a and 1b). The lengths of the 
backbone, the PLA arm and the PS arm are 90nm, 6.3nm and 6.5nm, respectively (see 
Experimental Section).29-30 This ultrahigh molecular weight BBCP appeared to self-assemble 
into a highly-ordered morphology (i.e., lamella) upon thermal annealing, which was 
attributed to the steric crowding of PLA and PS arms and the unentangled nature of BBCP.29  
The PS-PLA toluene solution (volume: V =30μL) with the concentration of 
0.15mg/mL was then loaded and trapped in a restricted geometry composed of a cylindrical 
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lens sitting on a Si substrate coated with hexamethyldisilazane (HMDS) (i.e. cylinder-on-flat 
geometry; Figure 243c) (see Experimental Section), yielding a capillary-held solution. It is 
noteworthy that the evaporation of toluene only occurred at the constrained capillary edge 
(Figure 243c). The evaporative loss of toluene at the capillary edge triggered the pinning of 
the three-phase contact line (i.e., “stick”) by transporting nonvolatile PS-PLA to the capillary 
edge. The outermost PS-PLA stripe was thus formed.31 During the deposition of PS-PLA, the 
initial contact angle of the solution gradually decreased due to the toluene evaporation to a 
critical contact angle, at which the capillary force (i.e., depinning force) became larger than 
the pinning force. This caused the contact line to jump to a new position inward (i.e., “slip”), 
where it was arrested again and a new polymer stripe was thus produced. The repeated 
pinning and depinning cycles of the contact line led to the formation of regular stripes of PS-
PLA (last panel in Figure 243c).19 The stripes exhibited gradient features, representing the 
decrease in the height, H and width, W of the stripes, and the center-to-center distance 
between neighboring polymer stripes, , as the liquid capillary edge gradually approached 
the cylinder/HMDS-coated Si contact center (last panel in Figure 243c). The formation of 
gradient stripes was a direct consequence of the competition between the nonlinear capillary 
force, due to the curvature effect of the cylinder, and the linear pinning force.19 
After the evaporation was completed, the structure formed on the HMDS-coated Si 
was examined. Three representative optical micrographs taken at different radial distance, Xn 
(i.e., outermost region, X1; intermediate region, X2; and innermost region, X3; where X is the 
distance away from the cylinder/HMDS-coated Si contact center; Figure 243c) are shown in 
Figure 24. They appeared as parallel periodic stripes over large areas. The AFM 
measurements showed the stripes were gradient, in which the average H and W of the stripes, 
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and the  between adjacent stripes decreased progressively from H = 92nm, W = 6.1μm and 
 = 18.7μm in the outermost region, corresponding to X1 = 4200μm, to H = 56nm, W = 
4.2μm and  = 11.6μm  in the intermediate region, corresponding to X2 = 3900μm, to H = 
31nm, W = 2.8μm and  = 6.9μm  in the innermost region, corresponding to X3 = 3600μm 
(Figure 25a-c). It is worth noting that these self-organized stripes, formed by CESA of the 
BBCP solution, were highly reproducible. The close examination of an individual 
microscopic stripe revealed a disordered, featureless surface morphology within the stripe 
(Figure 25d-f). This may be attributed to the fast depletion of toluene, which did not afford 
the polymer chains much time for the microphase separation to occur.10 
To this end, selective solvent vapor annealing was performed on the PS-PLA stripes. 
The solvent vapor annealing method has been widely recognized as one of the most effective 
post treatments to achieve morphological rearrangement of nanodomains in block 
copolymers32-34. The selective solvent (i.e., chloroform) vapor annealing in a closed vessel 
for 12hr was conducted on the periodic stripes. The polymer/solvent interaction parameter 
for PLA is / 0.32chloroform PLA  , which is smaller than for PS, / 0.45chloroform PS  , suggesting 
that the PLA block preferentially responds to the exposure of chloroform vapor. After the 12-
hr vapor annealing, the reconstruction of PS-PLA nanodomains within the microscopic 
straight stripes occurred (i.e., microphase separation of PS-PLA; Figure 26d-f) as will be 
discussed later. We note that the AFM measurements were conducted at the same position 
for the sample before (i.e., as-prepared) and after the vapor annealing. Quite intriguingly, at 
the microscopic scale, after the chloroform vapor annealing, distinct morphological 
alterations of stripes were observed (Figure S1; H and W changed, while  did not change 
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over the entire surface). The H and W were changed to H = 46nm and W =11.2μm at X1 = 
4200μm, to H = 27nm and W =7.9μm at X2 = 3900μm, and to H = 17nm and W =6.1μm at X3 
= 3900μm, respectively. It has been demonstrated that the HMDS-treated Si substrate is 
hydrophobic, with which the hydrophobic PS would preferentially interact.35 Thus, during 
the course of vapor annealing, the volume of PS arms on the hydrophobic HMDS surface 
increased, and the PS arms wetted the hydrophobic HMDS surface to lower the interfacial 
energy. As a result, the width of stripes was increased laterally while the average height of 
the stripes decreased by approximately two fold, compared to the sample prior to the vapor 
annealing (Figure 27 and Figure S1).  
Upon exposure to the chloroform vapor, the chain mobility of PS-PLA BBCP was 
effectively enhanced. As a result, the disordered, featureless topology (Figure 25d-f) was 
transformed into vertically oriented lamellar nanodomains due to the packing of rigid 
macromolecules29 within the stripes (Figure 26d-f). The surface energies of PS and PLA 
blocks are similar (PS: 39.4-40.7mJ/m2 and PLA: 36-41mJ/m2), therefore there was no 
preferential wetting of either PLA or PS at the polymer/air interface.35-36 On the other hand, 
since chloroform is a selective solvent for the PLA block, the PLA was swollen by 
continuous uptake of chloroform vapor and pulled to the polymer/air interface to contact 
preferentially with the chloroform vapor (i.e., the air surface). Furthermore, it is noteworthy 
that the characteristic length, L0 of the ultrahigh molecular weight PS-PLA was L0 = 105 ± 5 
nm (Figure S2c),29 with which the height of stripes cannot commensurate (the stripe height 
after annealing was less than 50nm; i.e., H = 46nm at X1 , H = 27nm at X2,  and H = 17nm at 
X3), thus favoring the nanodomains (i.e., lamella) to orient normal to the stripe surface.37 
Taken together, vertically oriented lamella of PS-PLA was observed. Thus, hierarchically 
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structured PS-PLA were yielded, that is, at the micrometer scale, gradient stripes were 
formed globally by CESA of PS-PLA (i.e., a top-down approach), and at the nanometer scale, 
vertically oriented lamella within microscopic stripes were achieved due to spontaneous self-
assembly of PS-PLA that was promoted by the solvent vapor annealing (i.e., a bottom-up 
approach). Notably, as opposed to thermally equilibrated block copolymer thin film 
morphologies, hierarchical structures produced by the solvent vapor annealing process in the 
present study were far from equilibrium. As PS has a higher modulus than PLA at room 
temperature (EPS = 3.0GPa and EPLA = 2.05GPa38), the PS block appeared brighter in the 
AFM phase images, corresponding to a larger phase shift.33 Moreover, the selective swelling 
of PLA nanodomains by chloroform caused a relatively lower height of PLA block than PS 
block on the surface. As a result, the PS lamella was higher in the AFM height image and 
brighter in the AFM phase image than the PLA lamella (Figure 26).  
PLA is a biodegradable polymer which can be degraded by either an enzymatic 
approach or alkaline hydrolysis.39-40 We used Proteinase K to remove the PLA arms by 
immersing the sample into the degradation solution (i.e., Proteinase K Tris-HCl buffer 
solution; see Experimental Section), thereby forming nanochannels in the gradient 
microscopic stripes. Since the native oxide on the Si substrate preferentially interacts with the 
PLA block and forms a wetting layer of PLA, the stripes would be floated off the Si substrate 
when performing the degradation experiment.30 In this context, to create nanochannels, the Si 
substrate coated with HMDS was used to form a wetting layer of PS on the HMDS substrate 
as HMDS preferentially interacts with the PS block.30, 33, 35 After immersing the chloroform-
vapor-annealed samples in the degradation solution at 37oC for various times (i.e., 30min and 
60min), the PS part still remained while the PLA arms were degraded. Figure 27b-c show the 
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surface morphologies of thin films after the enzymatic degradation for 30min and 60min, 
respectively. The roughness of the as-prepared sample was 1.75nm, measured by AFM 
(Figure 27a). When degraded for 30min and 60min, the roughness changed to 4.33nm and 
4.78nm, respectively. The nanochannel depth increased after the degradation as revealed by 
the section analysis of the AFM images (Figure S3), indicating the successful removal of 
PLA arms.  
 
Conclusion 
In summary, we demonstrated a facile technique to create hierarchically structured 
PS-PLA BBCP by combining CESA of the PS-PLA toluene solution in the cylinder-on-flat 
geometry, which yielded microscopic gradient stripes over large areas, with spontaneous 
self-assembly of PS-PLA at the nanoscale, which was facilitated by selective solvent vapor 
annealing. The enzymatic removal of PLA arms in PS-PLA rendered the formation of 
nanochannels within the stripes. These nanochannels may serve as a template to transfer the 
nanopartterns to the substrate by reactive ion etching41 for fabricating nanodevices. The 
present technique provides a promising approach to craft hierarchically ordered structures for 
potential applications in optics, electronics, optoelectronics, magnetic materials and devices, 
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CHAPTER 5. CONTROLLED EVAPORATIVE SELF-
ASSEMBLY OF ALL-CONJUGATED POLYMER WITH 
ENHANCED ELECTRIC CONDUCTIVITY 
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Abstract 
Well-organized periodical stripes of conjugated polymers, including poly(3-
hexylthiophene) (P3HT), poly(3-butylthiophene) (P3BT), and poly(3-butylthiophene)-b-
poly(3-hexylthiophene) (P3BHT)), were formed by repeated “stick-slip” motion of the 
contact line in a “cylinder-on-Si” geometry. The interfacial interaction between the solute 
and the substrate effectively mediate the pattern formation. Subsequently, 
electrical conductivity was found to be significantly improved by chloroform vapor 
annealing. This facile, one-step deposition technique based on controlled evaporative 
self-assembly opens up a new avenue for organizing semicrystalline conjugated polymers 
into two-dimensional ordered patterns in a simple and controllable manner. 
 
Introduction 
Conjugated polymers have been widely regarded as promise materials for usage 
in biosensors, transistors and solar cells.1, 2 Of the various conjugated polymers, poly(3-
alkylthiophene)s (P3ATs) (e.g., P3HT, P3BT) are among the most heavily studied organic 
conjugated polymers. They have a rather rigid backbone with a regular head-to-tail 
arrangement of pendant alky side chains that allow for efficient π–π stacking of the 
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conjugated backbones and solubilization, thus leading to excellent solution processability, 
chemical stability and high field-effect mobility.3 The self-organized chains of P3ATs are 
dramatically influenced by side-chain length, regioregularity, molecular weight, solvent 
properties, and processing conditions (spin-coating, dip coating and drop casting), 
resulting in variations of the charge carrier mobility in thin-film transistors by several 
orders of magnitude.3-7 Recent advances in synthesis techniques render the design of 
functional rod-coil or rod-rod block copolymers with specific length scales and 
geometries. Block copolymers composed of two or more chemically different blocks that 
are covalently linked are thermodynamically driven to self-assemble into various ordered 
structures including spheres, cylinders, and lamellae, depending on the volume fraction of 
the blocks.8 The self-assembly of block-copolymer chains into nanoscopic ordered 
domains depends on the ratio of block lengths, strength of interaction, and side-chain 
groups.9  Compared with P3AT homopolymers, P3AT rod-rod diblock copolymers (e.g., 
poly(3-butylthiophene)-b-poly(3-hexylthiophene):P3BHT) has achieved much better 
balance between the chain flexibility and self-assembly by adjusting the components of 
alky side chains, resulting in completely different solubilizing and stacking patterns of 
polymer chains from those of homopolymers. 10, 11 The attempt to rationally design and 
control the self-assemble of such rod-coil or rod-rod block copolymers in a hierarchical 
way, on multiple length-scales ranging from nanometers to macroscopic sizes, will open a 
new avenue to develop economically electronic devices. 
In stark contrast to structures formed from a freely evaporating droplet on a 
substrate (i.e., unconstrained solution), which are often stochastic, lack of regularity, and 
far from equilibrium (i.e., convection patterns12, 13, fingering instabilities14, 15, and 
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polygonal network structures16, 17), the use of controlled evaporative self-assembly 
(CESA), which can precisely control the evaporation flux, the solution concentration, the 
interfacial interaction between the solute and substrate, and etc. enables the organization 
of materials of interest (i.e., polymers, nanoparticles and biomaterials, among others) into 
complex structures of high fidelity and regularity with engineered optical, electronic, 
optoelectronic, magnetic properties. 8, 18-33 When compared with conventional techniques 
(e.g., photolithography, e-beam lithography, soft-lithography, and nanoimprint 
lithography), CESA is simple, cost-effective, and offers a lithography and external-field-
free means of organizing nonvolatile materials into ordered microscopic structures over 
large surface areas.  
Herein, we present a facile and robust method of evaporating conjugated 
polymers (i.e., poly(3-hexylthiophene) (P3HT), poly(3-butylthiophene) (P3BT), and 
poly(3-butylthiophene)-b-poly(3-hexylthiophene) (P3BHT; mole ratio: P3HT:P3BT=2:1; 
Figure 28c) solutions in “cylinder-on-Si” geometries to create highly regular 
microstructures with large surface areas in a precisely controlled environment. Due to 
different interfacial interactions between the polymer and the substrate, straight and 
wave-like stripes were obtained on the silicon surface, respectively. Subsequently, the 
electrical conductivity of P3BHT was improved significantly after chloroform vapor 
annealing treatment. This CESA technique, which dispenses with the need for 
lithography and external fields, is fast, cheap and robust. As such, it represents a powerful 






Synthesis of conjugated P3HT, P3BT and P3BHT. Regioregular P3BT homopolymer 
(Mn = 22400 g/mol, PDI = 1.3) and P3HT homopolymer (Mn = 19000 g/mol, PDI = 1.2) 
were synthesized by a modified Grignard metathesis procedure. P3BHT diblock 
copolymers, P3BHT21 (P3BT/P3HT block ratio = 2:1 mol/mol, Mn = 8300 g/mol, 
PDI=1.3), was synthesized by a modified quasi-living chain growth polymerization. The 
detailed synthesizing procedures can be found in previous works. 39, 42, 43  
Evaporative Self-Assembly of the All-Conjugated Polythiophene Diblock Copolymer 
Toulene Solution in a “Cylinder-on-Si” Geometry.  The above mentioned conjugated 
polymers were selected as the nonvolatile solute to prepare P3HT, P3BT and P3BHT 
toluene solution at the concentration 0.15mg mL-1 and purified with 200 nm 
polytetrafluoroethylene (PTFE) filters, respectively. The silicon substrates were cleaned 
with a mixture of sulfuric acid and Nochromix, then rinsed extensively with deionized 
(DI) water and blow-dried with N2. The cylinder lens (L=9.5mm, H=4.0 mm, 
W=11.0mm, Figure 28b) and silicon substrate were used as the upper and lower surface, 
respectively, to construct a confined geometry. The “cylinder-on-Si” geometry was 
placed in a sealed chamber to minimize possible air convection and maintain constant 
temperature during the evaporation process. The complete evaporation took 
approximately 30min.  After the evaporation was complete, the patterns formed on the Si 
substrate were examined in this work.   
Vapor Annealing Treatment. The regular P3HT, P3BT and P3BHT patterns formed on 
the Si substrate were exposed to chloroform vapor for a certain period of time (i.e. 6 
hours and 12hours) in a closed vessel to achieve morphological reconstruction of 
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polymers. The small piece of gauze soaked with chloroform solvent was placed into a 33 
cm3 vessel. The vessel was sealed by Teflon and placed in an argon grove box to avoid 
temperature and humidity variation. 
Characterization. The particle patterns were characterized by optical microscopy 
(Olympus BX51 in the reflection mode) and atomic force microscopy (Dimension 3100 
scanning force microscope in the tapping mode (Digital Instruments)). Vista probes 
(T190) with spring constants 48Nm-1 were used as scanning probes.  WAXD profiles 
were obtained by using a Bruker D8 Discover Reflector with X-ray generation power of 
40kV tube voltage and 40mA tube current. The diffraction was recorded at a θ-2θ 
symmetry scanning mode with scan angle from 2θ=4o-10o.  Electric properties were 
measured using a Keithley2400 multisource meter. 
 
Results and Discussion 
The choice of P3HT, P3BT and P3BHT (BT: HT=2:1) as the nonvolatile solute 
was motivated by their promising applications in the solar cells and thin-film transistors 
with high field-effect mobility. In our experiment, new synthesized P3HT, P3BT and 
P3BHT diblock copolymers were used as nonvolatile solute to prepare P3HT, P3BT and 
P3BHT toluene solutions, respectively (See Experiment Section). The concentration of 
all the solutions was 0.15mg mL-1. The polymer toluene was trapped in the gap between a 
cylinder lens and a Si substrate, thereby forming a capillary-held microfluid (Fig 1a and 
Fig 1b), from which toluene was allowed to evaporate only at the capillary edge. 
Evaporative loss of toluene at the capillary edge caused the pining of the contact line 
(“stick”), thereby forming the outermost polymer ring. During the deposition process, the 
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initial contact angle of the meniscus gradually decreased to a critical value, at which the 
depinning force became larger than the pinning force, causing the contact line jump to a 
new position (“slip”) and arrest again to form a new polymer stripe.34 Consecutive 
controlled “stick-slip” cycles of the receding contact line in the symmetric “cylinder-on-
Si” geometry yielded rectangle-like deposits globally. The periodical patterns chronicled 
the moments of arrested contact line motion in the capillary bridge.  
After the evaporation was complete, the patterns of P3HT, P3BTand P3BHT 
formed on the Si substrate were examined by optical microscopy, respectively. Figure 29 
shows three typical optical microscopy images of highly ordered, microscopic stripes of 
P3HT, P3BT and P3BHT formed in the “cylinder-on-Si” geometry. It is noteworthy that 
the use of confined geometry created highly ordered stripes over large areas. 
Representative atomic force microscopy (AFM) images taken in three different regions 
(e.g., X1-X3) are shown in Figure 30, respectively. Close examination of the stripes 
revealed the gradient of the width (ω), the height of stripes (h), and the center-to-center 
distance (λC-C) between adjacent polymer stripes, which significantly decrease with 
increasing proximity to the contact center (Along the marked arrows, Table 1).  Xn (n 
ranging from 1 to 3) indicates the position away from the cylinder/Si contact center (i.e. 
X1=4500µm, X2=4000µm, X3=3500µm). The gradient dimension of the stripes can be 
attributed to the competition between the linear pinning force and the nonlinear capillary 
force and the decrease in the height of meniscus of the solution due to the curved surface 
topology of cylinder of the solvent evaporated.34 
Quite interesting, it is noteworthy to observe the straight stripes of P3BT and the 
stripes together with the instability fingers in P3HT and P3BHT. Since the solution 
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concentration (0.15mg mL-1), the loading volume (30μL) and the solvent (toluene) were 
kept the same for P3HT, P3BT and P3BHT solutions, the difference in resulting surface 
patterns of P3HT, P3BT and P3BHT can be attributed to different interfacial interaction 
between the polymer and the substrate. The observation resembled our pervious study in 
drying-mediated self-assembly of polystyrene (PS) and poly(methyl methacrylate) 
(PMMA).31 Increasing the side-chain from butyl to hexyl increases the contact angle of 
water on conjugated polymer films (which means, more hydrophobic). As a result, when 
deposited these conjugated polymers on hydrophilic native silicon oxide surface, P3HT 
and the substrate has higher interfacial energy.35 This unfavorable interfacial interaction 
between P3HT and the substrate is crucial in forming fingering instabilities. Moreover, 
the P3HT chains do not entangle one another due to their rigid rod-like nature, and the 
MW of the P3HT was quite low. Taken together, P3HT fingers can be easily formed.21 In 
contrast, compared to P3HT, higher MW of P3BT and lower surface energy on the 
substrate make the stripe like rings without fingering instabilities finally formed. When 
incorporate part of P3HT into P3HT to form the P3BHT diblock copolymers, the 
fingering instabilities were retained due to the existence of the P3HT part (Fig 2c and 
Fig3 g-i). The result was also resembled our pervious PS-b-PMMA study. 31 
An important usage of the patterned P3AT stripes is to create large-area stripe like 
deposits with well-defined molecular architecture, resulting in higher crystallinity, 
ordered morphology and thus enhanced electricity conductivity. Solvent-annealing 
method has been regarded as one of the most successful post-treatment to achieve 
morphological rearrangement of nanodomains within microscopic straight stripes.8 
Proper solvent-annealing process can highly improve the ordered packing of P3AT 
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chains, thus resulting in improved electrical performance.36 In this work, P3AT stripes 
deposited on the silicon substrate were sealed in chloroform vapor for 6h and 12h, 
respectively. The selection of chloroform vapor annealing is due to the good solubility of 
P3AT chains in chloroform, which tend to form a more thermodynamically favorable 
crystal structure consisting of edge-on side chains and parallel π~π stacking planes with 
respect to the substrate.37  
After chloroform solvent vapor annealing for 6h and 12h, no obvious topological 
changes on the surface patterns were observed as shown in Figure S4. Close examination 
of the stripes by phase AFM revealed the phase separation of P3AT nanodomains within 
the stripes changed with varying duration of chloroform vapor annealing (Figure 31). 
P3AT is a commonly studied semicrystal polymer, and AFM images are commonly used 
to describe the domain size and the crystallinity. It is necessary to note that, AFM does 
not measure crystallinity directly, but instead measures the morphology of the surface. 
Since P3AT crystals tend to have well-defined shapes due to its rigid thienyl rings, bright 
domain structures observed in AFM images are often assumed to represent crystals.38 As 
shown on Figure 31, P3HT presented typical nodule-like morphology after complete 
evaporation of toluene leading to the formation of stripes, and no obvious changes in the 
crystal morphology and domain size after subsequent chloroform-vapor annealing for 6h 
and 12h, which seems to imply that the crystallinity did not significantly change during 
the vapor annealing. Similar crystal morphology was observed in P3BT stripes, but the 
crystal domains size decreased accompanying the increased chloroform vapor-annealing 
duration as the interspace between P3BT crystal domains extended much larger after 
vapor annealing for 12h, indicating that the crysallinity of P3BT within the stripes 
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decreased during the vapor annealing. In comparison with those of P3HT and P3BT, 
P3BHT showed clearly nanowire morphology with apparent structure after evaporation 
of toluene, which was also reported in low-MW P3HT films.38(Fig 4, Bottom left) Quite 
intriguingly, the nanowire morphology grew into nodule-like morphology when treating 
P3BHT stripes under chloroform vapor for 6h, and the nodule-like packed much closer 
when extending the vapor annealing to 12h.  It is believed that nodule-like crystals are the 
aggregation of more polymer chains than nanowire crystals in P3HT, which can be 
viewed as evidence that chloroform vapor annealing effectively improve the crystallinity 
of P3BHT chains and promote the rearrangement of P3BHT nanodomains within the 
stripes at the nanometer scale. 38 
To further verify the molecular packing and crystallinity of P3HT, P3BT and 
P3BHT before and after chloroform vapor annealing, all the stripe films were 
characterized by XRD after AFM scanning as shown in Figure 32. All the XRD patterns 
obtained from P3HT, P3BT and P3BHT indicated that the P3AT homopolymers and 
diblock copolymer followed the typical edge-on orientation in which the thienyl 
backbones were aligned parallel to the substrates, consistent with those reported in our 
previous work.39 The XRD patterns of P3HT, P3BT and P3BHT were all measured on the 
same films before and after vapor annealing, respectively, so that the intensities of the 
[100] peaks of them were nearly proportional to the number of polymer crystallites per 
unit volume in the films, which can be used to compare the changes in crystallinity. The 
intensity of P3BT peaks decreased with the duration of chloroform vapor annealing, 
which corresponded well with the reduction of crystal domain in the AFM phase images, 
suggesting that chloroform tended to dissolve P3BT chains instead of promoting them to 
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crystalize. In contrast, an increment in the [100] peaks of P3BHT were observed , which 
also agreed with the observed increasing crystal domains in the AFM results, pointing out 
that the crystal morphology change from nanowires to nodule-like aggregations was 
accompanied with increase in crystallinity. Therefore, it is demonstrated that chloroform 
vapor annealing may further promote the rearrangement of P3BHT nanodomains within 
the stripes at the nanometer scale. In contrast, we cannot observe clearly changing trends 
of P3HT peaks, which is corresponding to the unobvious change of crystal domain size in 
the AFM images we discussed above.  
It would be of interest to verify whether the increased crystallinity of P3BHT 
could really contribute to significantly increase of the electric conductivity within the 
stripes. The current measurements (with constant applied voltage) of the stripes before 
and after vapor annealing were measured in situ on the silicon template as shown in 
Figure 33a, which contains two golden electrodes with 10μm blank gap. CSEA 
experiment was directly performed on the template, instead of silicon substrate we used 
before. As illustrated in Figure 33b, the contacts between the stripes and golden 
electrodes are Ohmic contacts. All stripe films exhibited good electrical conductivity, 
especially for the P3BT films due to its short alkyl-side chains and therefore enhanced 
crystallinity.40, 41 It was interesting to observed that, the current (i.e., 10 V voltage was 
applied) of P3BHT stripes measured substantially increases with increased treatment time 
of the vapor annealing, and even much higher than that of P3BT without annealing.  For 
the almost unchanged cross-section of the stripes before and after the vapor annealing 
(see Supporting Information, Fig S4), we can ignore the shape effect between the 
measurements. This observation unambiguously confirms that the increased P3BHT 
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crystallinity via the method introduced in this work would significantly improve electric 
conductivity of the stripes, which demonstrates a rational reconstruct over the P3BHT 
nanostructures in the stripes resulting in optimized morphologies and electronic 
properties. In contrast, the currents measurements of P3HT and P3BT are almost 
unchanged and decreased, respectively, which are also corresponding to the decreased 
crystallinity of P3BT and unchanged crystallinity of P3HT conclude from the AFM phase 
image and XRD data. Now a rapid and cheap two-step process towards forming well-
ordered structures over large areas for possible technological applications were realized, 
including the formation of large-area functional P3BHT block copolymer stripes and the 
post-treatment of the stripes using vapor annealing to promote reorganization of P3BHT 




In summary, we have demonstrated that well-ordered polymer stripes can be 
produced by subjecting the P3AT toluene solution to evaporation in an axially symmetric 
“cylinder-on-Si” geometry. These complex self-assembled structures were the direct 
consequence of interplay between controlled “stick-slip” motion of the contact line and 
the phase separation of polymers. Furthermore, morphological rearrangement of 
nanodomains within microscopic straight stripes was achieved with subsequent 
chloroform vapor annealing. Different crystallinity and morphology of P3AT could 
significantly affect the electric conductivity within the stripes. The approach of controlled 
evaporative self-assembly (CESA) represents a powerful strategy for creating highly 
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structured, multifunctional materials and devices for potential applications in 
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CHAPTER 6. SIMPLE ROUTE TO METAL OXIDE STRIPES 
VIA CONTROLLED EVAPORATIVE SELF-ASSEMBLY 
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Abstract 
Highly-ordered gradient stripes of a new synthesized side-chain ferrocene-containing 
polymer, poly 2-(metharcryloyloxy) ethyl ferrocenecarboxylate (PAMEFC), with remarkable 
regularity over large areas were obtained by controlled evaporation process of confined 
microfluid in a cylinder-on-Si geometry, which produced periodic “stick-slip” motions at the 
three-phase contact line. Subsequent pyrolysis treatment led to the creation of ordered iron 
oxide stripes from the prepared polymer template.  This facile, simple and robust deposition 
technique based on controlled evaporative self-assembly, combined with following pyrolysis, 
opens up a new avenue for preparing two-dimensional and well-ordered metal oxide patterns 
in a controllable and cost-effective manner. 
 
Introduction 
In last two decades, metallocene-containing polymers have attracted significant 
attention in material science since they have great potential applications in catalytic, optical, 
magnetic, and biological areas.1-6 For example, they are ideal precursors for producing 
magnetoceramics whose magnetic properties can be tuned by pyrolysis temperature.7-9 
Compared to widely studied main chain metallocene-containing polymers explored by 
Manners and coworkers 3, 4, 6, 10, 11, side-chain metallocene-containing polymers with the 





electrophilic substitution of metallocene, especially well-defined polymers and block 
copolymers synthesized with predetermined molecular weight, low polydispersity, high 
functionality and diverse architectures, via controlled/living radical polymerization 
techniques (CRP).12-15 One of the advantages to use these metallocene-containing polymers is 
to prepare patterned, micron-scale metal bars, circles and lines via microcontact printing,10 
template-based synthesis combined with chemical etching,9 and E-beam lithography1 after 
pyrolysis treatment. However, these techniques mentioned above are not cost-effective and 
require multi steps. Thus, an extremely simple, one-step and non-lithography route to 
creation of intriguing, well-ordered metal or metal oxide micro structures from metallocene-
containing polymers template over a large area is highly desired.  
Recently, controlled self-assembly in confined geometries have demonstrated the 
feasibility of delicately manipulating the drying process to drive the assembly of nonvolatile 
materials (i.e.,  nanoparticles, polymers, and biological entities) into well-structured patterns 
with remarkably high fidelity and regularity, thus representing an extremely versatile way for 
one-step creation of complex large-scale and ordered structures that have numerous 
technological applications in microelectronics, data storage devices, and biotechnology.16-35 
By subjecting drying droplets to such a restricted geometry (e.g. a “cylinder-on-flat” 
geometry), the evaporation rate of solution is controlled and the temperature gradient is 
minimized or eliminated. Thus, the possible nature convection and Marangoni flow are 
suppressed, the instabilities (e.g., fingering instability) can be readily harnessed. Due to the 
imposed geometrical constraint, the evaporation is restricted to occur only at the capillary 
edge. As a result, controlled, repetitive pinning and depinning of the three-phase contact line 





of highly ordered periodical polymer deposits. 35, 36 Notably, this procedure was remarkably 
controllable, high-yielding, and easy to implement, thus opening up a new route for 
fabricating highly ordered organic and inorganic structures with potential in optoelectronics, 
photonics, and biosensor applications. 
Herein, we present a simple and straightforward method to achieve ordered iron oxide 
patterns over large areas by combining controlled evaporative self-assembly and subsequent 
pyrolysis process. Well-ordered ferrocene-containing polymer stripes with remarkable 
regularity were spontaneously formed on Si substrate via evaporation induced self-assembly 
in a confined geometry consisting of a cylindrical lens on flat Si substrate (See Figure 35a). 
Subsequent pyrolysis of patterned polymer stripes led to the creation of ordered iron oxide 
stripes.  Field-emission scanning electron microscope (FE-SEM), X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS) and Energy-dispersive X-ray spectroscopy (EDX) 
were used to prove the formation of iron oxide particles after pyrolysis process. Here we 
introduce for the first time the micro scale patterning of the iron oxide stripes with 
unprecedented regularity via controlled evaporative self-assembly combined with following 
pyrolysis treatment of ferrocene-containing polymers. 
 
Experimental Section.  
Synthesis and Characterization of PAMEFC: This new side-chain ferrocene-
containing polymer (poly 2-(metharcryloyloxy) ethyl ferrocenecarboxylate (PAMEFC)) was 
prepared via atom transfer radical polymerization. The detailed synthesizing procedures can 





(obtained from 1H NMR) and 1.25, respectively. Chemical structure of PAMEFC is shown in 
Figure 35c. 
Evaporative Self-Assembly of the PAMEFC toluene Solution in a Cylinder-on-Si 
Geometry.  PAMEFc was dissolved in toluene at a concentration of 0.4mgmL-1 and purified 
with 200 nm polytetrafluoroethylene (PTFE) filters. The cylinder lens (L=9.5mm, H=3.2 
mm, W=11.0mm, Figure 35a) and silicon substrate were used as the upper and lower surface, 
respectively, to construct a confined geometry. The silicon substrates were cleaned with a 
mixture of sulfuric acid and Nochromix, then rinsed extensively with deionized (DI) water 
and blow-dried with N2. The cylinder-on-Si geometry was placed in a sealed chamber to 
minimize possible air convection and maintain constant temperature during the evaporation 
process.  
Characterization. The surface structures produced on Si substrate were characterized by 
optical microscopy (Olympus BX51 in the reflection mode) and atomic force microscopy 
(Dimension 3100 scanning force microscope in the tapping mode (Digital Instruments)). 
Vista probes (T190) with spring constants 48Nm-1 were used as scanning probes. X-ray 
photoelectron spectroscopy (XPS; PHI 5500) measurements were performed with Al 
standard x-ray source (1486.6 eV). The samples were attached to the holder using double 
stick tape to isolate the charging effects. WAXD profiles were obtained by using a Bruker D8 
Discover Reflector with X-ray generation power of 40kV tube voltage and 40mA tube 
current. The diffraction was recorded at a θ-2θ symmetry scanning mode with scan angle 
from 2θ=30o-66o. Patterns of nanoparticles were observed by a field-emission scanning 






Results and Discussion 
A new synthesized side-chain ferrocene-containing polymer, poly 2-(metharcryloyloxy) 
ethyl ferrocenecarboxylate (PAMEFC, see Experimental Section) was employed as the 
nonvolatile solute. The PAMEFC toluene solution (volume: V=30 mL) with the 
concentration of 0.4 mg/mL was then loaded and trapped in a restricted geometry composed 
of a cylindrical lens sitting on a Si substrate (i.e. cylinder-on-flat geometry; Figure. 1a) (see 
Experimental Section), thus yielding a capillary-held solution, in which the evaporation of 
toluene was restricted at the constrained capillary edge. The evaporative loss of toluene at the 
capillary edge triggered the pinning of the three-phase contact line (i.e., ‘‘stick’’) by 
transporting nonvolatile PAMEFC to the capillary edge, thus forming an outmost PAMEFC 
stripe.21 During the deposition of PAMEFC, the initial contact angle of the meniscus 
gradually decreased to a critical value due to continuing evaporative loss of toluene, at which 
the depinning force (i.e., capillary force) became larger than the pinning force (i.e., friction 
force), causing the contact line to jerk toward the cylinder/Si contact center (i.e., “slip”) and 
get arrested at a new position, thereby leaving behind a stripe locally. Consecutive pinning 
and depinning of the contact line of the evaporating PAMEFC toluene drop assembled them 
into hundreds of periodical stripes in an elliptical arrangement globally (Figure 35b), guided 
by the shape of upper cylindrical lens (see Experimental Section).21 It is noteworthy that the 
confined cylinder-on-flat geometry provides a unique environment (i.e., a bound solution) for 
controlling the flow within an evaporating droplet, which in turn regulates the intriguing 
structure formation. As opposed to the irregular concentric rings formed due to stochastic 
‘‘stick-slip’’ cycles of the contact line when a droplet evaporates from a single surface (i.e., 





suggests that the use of the cylinder-on-Si geometry rendered control over the evaporation 
rate, and is effective in improving the stability against the convection. It is also of interest to 
note that the well-ordered PAMEFC stripes observed here were highly reproducible.   
These periodical patterns were characterized by optical microscopy (OM) first. Figure 
35d shows typical optical micrographs of PAMEFC stripes formed after the evaporation was 
complete. It is clearly observed that highly ordered, microscopic PAMEFC stripes locally 
formed in the cylinder-on-Si geometry, where Xn (n ranging from 1 to 3) indicates the 
position away from the cylinder/Si contact center (see Figure 35d). It is noteworthy that only 
a small zone of the entire pattern is shown in Figure 35d. The entire pattern was formed over 
1x1cm2 surface areas.  Compared to the concentric rings formed by the evaporative self-
assembly in a sphere-on-flat geometry,17, 19, 22 the use of upper cylinder lens yielded straight 
stripe-like patterns over large areas, as shown in the insert OM image in Figure 35d, which 
may potentially be used into complex microelectronic, optical and sensing devices.  
AFM measurement of the PAMEFC patterns deposited on the Si substrate revealed their 
dimensions and spacings, respectively, as shown in Figure 36. Locally, they appeared as 
parallel lines. The distance between adjacent stripes, λc-c, the height of stripe, h, and the width 
of stripe, w, progressively decreased as the contact line of evaporating solution approached 
the cylinder/Si contact center, from λc-c=4.82μm, w = 2.78μm, and h = 32.6nm at X1 = 
3000μm (Figure 3a), to λc-c=4.12μm, w =2.48μm and h =25.8nm at X2 = 2700μm (Figure 3c), 
to λc-c=3.62μm, w =2.32μm and h =23.8nm, at X2 = 2400μm (Figure 3d). The formation of 
gradient stripes was a direct consequence of the competition between the nonlinear capillary 
force, due to the curvature effect of the cylinder, and the linear pinning force.21 It is 





dimensions and spacings between adjacent stripes were achieved, due to the small molecular 
weight of PAMEFC. Close examination of PAMFEC stripes revealed that several “holes” 
formed at one side of stripes during the deposition process, due to the “figuring instability” 
formed by evaporative self-assembly (Figure 36, insert images). 
In order to get iron oxide patterns via the prepared polymer template, the PAMEFC 
samples were further pyrolyzed at 1000oC in a pyrolysis furnace for two hours (air 
environment). During pyrolysis process, the Fe atoms “released” from the ferrocene moieties 
and migrate together to form iron oxide crystals, in the air environment. 10 Shown in Figure 
3a is the optical images of PAMEFC patterns after pyrolysis. It is noteworthy that the 
location and the order of the pattern will be preserved as the original pattern of the starter 
polymer stripes. From the SEM image, it is clearly observed that the stripes were composited 
of discreted nanoparticles with the diameter of about 30nm (See Figure 3b).  As far as we 
know, this is the first time to fabricate the well-ordered metal iron patterns via the controlled 
evaporative self-assembly, using metallocene-containing polymers as the template. Since the 
pyrolysis leading the iron oxide stripes would not change the dimension and spacing of the 
whole patterns, this simple and facile process has promises applications in magnetic data 
storage and microelectrics.    
Energy-dispersive X-ray spectroscopy (EDX) was used to estimate the chemical 
composition of the pyrolyzed samples (See Supporting Information). The Fe, Si and O 
elements are understandably from the polymer template, the substrate and air environment 
during the pyrolysis, respectively. The Ir element detected by the EDX was due to the Ir 
sputtering before SEM observation.  The amounts of the Fe and O elements detected on the 





element are mainly located on the stripes (See Supporting Information). To future 
demonstrate the successful preparation of iron oxide stripes, information regarding the 
surface composition of the pyrolyzed stripes was obtained via X-ray photoelectron 
spectroscopy (XPS) and compared to data obtained from an untreated sample of PAMEFC, 
as shown in Figure 38a. The peak characteristic of ferrocene moieties (EB=708eV) was 
observed in the untreated sample. The absence of this peak after the pyrolysis indicated that 
the Fe atoms are released from polymeric ferrocene moieties and migrate to form Fe2O3 
nanoparticles (EB=711eV and 725eV).10 The small amount of Fe on the untreated sample 
may be from the synthesis and Fe2O3 may be introduced by the moisture absorbed by the 
polymer samples prior to pyrolysis.5  The absence of the α-Fe peaks on the pyrolyzed sample 
is due to the air environment during the pyrolysis process. Since α- and γ-Fe2O3 species 
possess the same binding energy, 5 it is difficult to distinguish whether the iron oxide in the 
samples is in the α- or γ-Fe2O3 phase on the basis of the XPS data alone. As a result, the 
pyrolyzed sample was future examined by X-ray diffraction (XRD) to determine the iron 
oxide phase (Figure 38b). The XRD showed three sharp peaks at 2θ=33o, 62o and 67o, 
respectively, indicating the presence of crystalline hematite (α- Fe2O3) in the samples.10  
 
Conclusions 
In summary, we have demonstrated a simple, robust means to create highly regular iron 
oxide stripes by combine controlled evaporative self-assembly of capillary-held PAMEFC 
toluene solution in the cylinder-on-Si geometry and following pyrolysis treatment, in an 
easily controllable and cost-effective manner. By allowing a drop of PAMEFC to evaporate 





within the droplet, intriguing and highly ordered structures on a large scale can be produced. 
The prepared polymer template can easily converted to inorganic patterns after the pyrolysis 
with unchanged spacing the dimension as original polymer patterns. These self-organized 
patterns over large areas offer a tremendous potential for applications in magnetic data 
storage, optics and microelectrics. We envision that by varying the pyrolysis environment 
(nitrogen, argon and etc.) and the pyrolysis temperature, different state of metal or metal 
































































































 (c), (e) A
 
128
ht (a, c d) a
ost region 
ance betwee
ed at these 
FM images
nd corresp









se (b, d, f) 
ediate regi
height of st




on X2, (e, 
ripes, and 










re 37. (a) 
worthy tha






ge it is cl
rograph im













































 (b) XRD p
crystalline h

































































analyses. The amounts of the Fe and O elements detected on the stripes are much higher than 
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CHAPTER 7. MAGNETIC FIELD ASSISTED SELF-
ASSEMBLY OF MAGNETIC NANOPARTICLES 
 
Modified from a manuscript to be submitted 
Wei Han and Zhiqun Lin* 
Abstract 
By combining magnetic-filed induced self-assembly with controlled evaporative self-
assembly (CESA), we present a simple and cost-effective route to organize nonvolatile 
materials into ordered asymmetry microscopic structures over large surface areas. When a 
gradient magnetic field is applied next to the “cylinder-on-flat” geometry, the asymmetry 
pattern with an increase in λC-C, width and height on one side and a decrease of them on the 
other side can be observed, thus potentially achieving improved ordering and orientation of 
micro- and nanostructures. This technique is remarkably controllable and easy to implement, 
opening up a new route for fabricating highly structured functional materials and devices in a 
fast, robust, and cost-effective manner.  
 
Introduction 
Assemblies and controlled positioning of metallic, semiconducting, and magnetic 
nanoscale materials into well-ordered functional structures offer new opportunities for 
miniaturized electronic, optoelectronic, and magnetic devices. Their collective properties 
depend on particle size, shape, and spatial arrangement of the nanomaterials. The latter can 
be produced by employing a variety of self-assembly techniques, including self-directed self-
assembly, magnetic field induced assembly, and electrostatic interaction-induced assembly. 
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Recently, spontaneous self-assembly of nanoscale materials to form intriguing, complex yet 
well-ordered structures via the evaporation of a sessile droplet containing nonvolatile solutes 
provides a simple means to fabricate functional materials.1-7 However, flow instabilities 
within the evaporating droplet often result in irregular dissipative structures (e.g., fingering 
instabilities, convection patters, etc.).4, 8, 9 To date, a few elegant methods have emerged to 
precisely control the evaporation process to produce highly ordered structures that are 
technologically relevant. Among them, controlled evaporative self-assembly (CESA) of a 
droplet constrained in restricted geometries (e.g., cylinder-on-flat) renders the creation of 
intriguing structures with high fidelity and regularity.10-27 
Magnetic nanoparticles are promising building blocks for high-performances 
nanodevices for applications such as data storage,28 ferrofluid technology,29 and energy 
storage. Achieving this enormous promise, however, requires controlled fabrication of 
specific structures using nanoparticles as elementary. The application of an additional 
external field (e.g., magnetic, electric, and mechanical shear) in conjunction with the solvent 
evaporative field may be an effective strategy to promote the CESA of polymers and colloids. 
The external electric or magnetic field could make the deposition process more rapid, and 
thus reducing the number of defects in the formed structures. 
Here, by combining magnetic-filed induced self-assembly with controlled evaporative 
self-assembly (CESA), we present a simple and cost-effective route to organize nonvolatile 
materials into ordered asymmetry microscopic structures over large surface areas. When a 
gradient magnetic field is applied next to the “cylinder-on-flat” geometry, the asymmetry 
pattern with an increase in λC-C, width and height on one side and a decrease of them on the 
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other side can be observed, thus potentially achieving improved ordering and orientation of 
micro- and nanostructures. 
 
Experimental Section.  
Synthesis of monodispersed Fe3O4 magnetic nanoparticles. Monodispersed Fe3O4 
magnetic nanoparticles with diameter of 10nm were synthesized based on our 21 arms β-CD 
template, according to our previous report. These prepared Fe3O4 magnetic nanoparticles were 
dissolved in toluene for the future use.  
Magnetic-filed Assisted Evaporative Self-Assembly of the PMMA toluene Solution in a 
Cylinder-on-Si Geometry.  The cylinder lens (L=9.5mm, H=4.0mm, W=11.0mm, Figure 
39b) and silicon substrate were used as the upper and lower surface, respectively, to construct 
a confined geometry. The silicon substrates were cleaned with a mixture of sulfuric acid and 
Nochromix, then rinsed extensively with deionized (DI) water and blow-dried with N2. The 
magnet purchased from K&J Magnetics was sitting at one side of the CSEA setup (Figure 
39). The distance between the magnet and gradient intensity of magnetic field was carefully 
measured and recorded. The cylinder-on-Si geometry was placed in a sealed chamber to 
minimize possible air convection and maintain constant temperature during the evaporation 
process.  
Characterization. The surface structures produced on Si substrate were characterized by 
optical microscopy (Olympus BX51 in the reflection mode) and atomic force microscopy 





Results and Discussion 
Monodispersed Fe3O4 magnetic nanoparticles with diameter of 10nm were 
synthesized based on our 21 arms β-CD template, according to our previous report. First to 
study the evaporative self-assembly of Fe3O4 nanoparticles in the cylinder-on-Si geometry, 
without the external magnetic field, the Fe3O4 nanoparticle toluene solution was loaded, and 
bridged the cylinder and Si substrate, yielding a capillary-held solution (Figure 39). During 
the evaporation, the evaporation of toluene only occurred at the constrained capillary edge. 
As toluene evaporated, Fe3O4 nanoparticles were transported from the solution to the 
capillary edge, conglomerated, and pinned the contact line, forming parallel deposits. During 
the deposition of nanoparticles, the initial contact angle gradually decreased to a critical 
contact angle, at which the capillary force becomes larger than the pinning force, causing the 
contact line to jump to a new position, where it was arrested again and a new ring was thus 
produced. The use of axially symmetric cylinder-on-Si geometry was responsible for 
consecutive pinning (i.e., ‘stick’) and depinning (i.e., ‘slip’) cycles of the contact line in a 
controllable manner, leaving behind hundreds of concentric ‘coffee rings’ of Fe3O4 
nanoparticles (Supporting Information). The stripe arrays exhibited gradient features, 
representing the decrease in center-to-center distance between neighboring rings, λ and the 
ring width, w, as the liquid capillary edge approached the cylinder/Si contact center. This is 
because of the imbalance between the nonlinear capillary force, due to the curvature effect of 
the cylinder, and the linear pinning force.  
Subsequently, when combining magnetic-filed induced self-assembly with controlled 
evaporative self-assembly (CESA) by putting a magnet at one side of substrate, thus 
providing gradient magnetic field, from the left to the right, intriguing asymmetry pattern 
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was yielded, as shown in Figure 39 and Figure 40. From the representative optical 
microscope images at left and right side, both from outermost to innermost, respectively, 
asymmetry pattern with different λC-C, width and height of stripes were clear observed.  
AFM measurements were performed to examine the detailed surface morphologies of 
the Fe3O4 arrays. Two-dimensional AFM height images obtained from Left side (close to the 
magnet) and Right side (far away from the magnet) are shown in figures 3, respectively, with 
the parallel locally stripe looking. For the Left side, as the solution front moved toward the 
cylinder/Si contact center, λ, w and h progressively decreased from λ = 22.3μm, w = 5.8μm 
and h= 208.2nm at X1 = 4600μm to λ = 20.2μm, w = 5.6μm and h= 207.8nm at X2 = 4200μm 
to λ = 18.8μm, w = 5.6μm and h= 207.3nm at X3 = 3800μm to λ = 17.1μm, w = 5.2μm and h= 
206.9nm at X4 = 3400μm. With increased proximity to the cylinder/Si contact center, stripes 
with smaller w formed, indicating a shorter pinning time of Fe3O4 nanoparticles at the three-
phase contact line. A smaller w also implies a lesser volume loss of solvent during pinning. 
As a result, this led to a shorter pull away of the contact line to a new position, thereby 
yielding a smaller λ. However, for the Right side pattern, as the solution front moved toward 
the cylinder/Si contact center, λ, w and h progressively decreased from λ = 14.4μm, w = 
3.2μm and h= 132.6nm at X1 = 4600μm to λ = 13.7μm, w = 2.8μm and h= 132.2nm at X2 = 
4200μm to λ = 13.1μm, w = 2.7μm and h= 130.4nm at X3 = 3800μm to λ = 10.2μm, w = 
2.5μm and h= 128.2nm at X4 = 3400μm, which showed quite small dimension compare to 
the left side.  
Compare all the dimensional values obtained from AFM, with and without magnetic 
field assisted, as shown in Figure 4, we found at the area close to the magnet, the width, 
height and λ are the largest at each location, and the smallest valves were observed at the area 
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far away from the magnet. It has been demonstrated the formation of these parallel stripes 
were due to the competition between the capillary force (depinning force) and the frication 
force (pinning force), thus inducing repeated “stick-slip” motion of three-phase contact line 
during the evaporation process. As shown in Figure 4a, at the left side, the employing of the 
magnet induce the magnetic force which is helping pin the contact line, thus making the 
deposition time longer, which means, the loss of toluene during the deposition is larger than 
without external field. As a result, the longer deposition time yields larger amount of 
particles depositing at the contact line, with larger height and width. The larger solvent loss 
makes the contact line jump longer to the new position and arrests again to form the new 
stripe, thus achieving larger distance between the stripes, compared to the pattern formed 
without magnetic field. However, on the other side, the magnetic force helps depinning the 
contact line, thus making the shorter pinning time and less loss of toluene during the 




By combining magnetic-filed induced self-assembly with controlled evaporative self-
assembly (CESA), we present a simple and cost-effective route to organize nonvolatile 
materials into ordered asymmetry microscopic structures over large surface areas. When a 
gradient magnetic field is applied next to the “cylinder-on-flat” geometry, the asymmetry 
pattern with an increase in λC-C, width and height on one side and a decrease of them on the 
other side can be observed, thus potentially achieving improved ordering and orientation of 
micro- and nanostructures. This technique is remarkably controllable and easy to implement, 
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opening up a new route for fabricating highly structured functional materials and devices in a 
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CHAPTER 8. SWELLING-INDUCED HIERARCHICAL 
STRUCTURES 
 
Modified from a manuscript to be submitted 
Wei Han, Bo Li, and Zhiqun Lin* 
 
Abstract 
By combining the solvent-induced preferential swelling of Polyvinylpyrrolidone 
(PVP) substrate and wrinkling effect due to modulus mismatch in the upper polymethyl 
methacrylate (PMMA) stripes and PVP thin film, we present the formation of hierarchically 
well-ordered wrinkled patterns over large areas. The key difference from the prior reports on 
swelling-induced surface pattern formation is that we create gradient stripes via controlled 
evaporative self-assembly (CESA), with decreasing width and height from the outermost area 
to the innermost area. These observed different wrinkle wavelengths and amplitudes within 
the stripes indicated shape-dependent mechanical properties of patterned polymer stripes. 
The precise prediction and evaluation of mechanical moduli of patterned polymer thin films 
will provide useful guidance to rationally design and control over the wrinkling profiles for a 
wealth of applications in low-cost, flexible electronics, optoelectronics. 
 
Introduction 
    Surface instabilities in organic and inorganic thin films have received considerable 
attention due to the ease of using self-organization in such systems to create well-defined and 
complex topological features.1-3 Spontaneous formation of highly-ordered, intriguing surface 
wrinkles of thin, stiff polymer films attached to a relatively compliant substrate represents 
one class of instability-driven self-organization. These highly structured wrinkles with 
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characteristic wavelength and amplitude can be employed in a variety of practical 
applications, including diffraction gratings,4, 5 optical sensors,5-9 smart adhesives,10-22 
mechanical strain sensors,23-33 microfluidic sorters,17, 34-38 cell culture surfaces,39-45 
stretchable electronics, thin film metrology,46-50 among other areas. In this regard, surface 
wrinkling has been utilized as a tool for characterizing materials and creating surfaces with 
functional patterned topologies.51 However, the wrinkles are often formed in planar 
continuous films or topographically flat, strictly periodic patterns. In the latter, these 
microscopic patterns are often prepared by lithography techniques. In stark contrast to the 
surface wrinkling that has been widely studied in planar and periodically patterned films, the 
instabilities in gradient patterned polymer thin films and thus mechanical properties have not 
yet been explored.  
Wrinkling of thin stiff film on a soft substrate in the presence of internal or external 
deformation is a common phenomenon throughout nature and technology. Three main 
wrinkles are widely studied, which includes: Thermal expansion-induced wrinkling: 
Complex, ordered wrinkles of thin stiff films can form due to a mismatch of thermal 
expansion coefficients between upper layer and lower layer when the thermally expanded 
lower compliant substrate is cooled down to ambient temperature.46, 52-56Solvent diffusion-
induced wrinkling: When polymer thin film is exposed to a saturated solvent vapor, the 
internal osmotic pressure is induced by the preferential swelling of the lower stationary soft 
substrate (i.e., solvent vapor diffusion), resulting in a net compressive stress in the system 
after the removal of vapor, which in turn leading to the formation of stimuli-responsive 
surface wrinkling.57-60 And mechanically-driven wrinkling: The wrinkling also appears as a 
result of the competition between the bending energy of the stiff upper film and deforming 
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(i.e., stretching) energy of the soft lower support. By mechanically compressing or stretching 
(or releasing) the upper film that situates on a compliant substrate (or pre-stretched substrate), 
wrinkling patterns can display rich surface morphologies and multiple-scale ordering over 
large areas.61, 62  
In the letter, by combining the solvent-induced preferential swelling of 
Polyvinylpyrrolidone (PVP) substrate and wrinkling effect due to modulus mismatch in the 
upper poly methyl methacrylate (PMMA) stripes and PVP thin film, we present the 
formation of hierarchically well-ordered wrinkled patterns over large areas. The key 
difference from the prior reports on swelling-induced surface pattern formation is that we 
create gradient stripes via controlled evaporative self-assembly (CESA), with decreasing 
width and height from the outermost area to the innermost area. These observed different 
wrinkle wavelengths and amplitudes within the stripes indicated shape-dependent mechanical 
properties of patterned polymer stripes. Moreover, when using PS-b-P4VP instead of PMMA 
deposited on the PVP thin film, intriguing three-level hierarchical micelle structures can be 
yielded.  
 
Experimental Section.  
Evaporative Self-Assembly of the PMMA and PS-b-P4VP toluene Solution in a 
Cylinder-on-Si Geometry.  Polyvinylpyrrolidone (PVP) dissolved in ethanol (Concentration: 
4mgmL-1) was spin-coated on the silicon substrate (spin speed=2000rpm for 60s) as the soft 
substrate for the future CESA experiment. Poly (methyl methacrylate) (PMMA, Mn = 534 
kgmol-1, PDI = 1.57) and Polystyrene-block-poly (4-vinylpyridine) (PS-b-P4VP; number 
average molecular weight: PS=41.0 kgmol-1, P4VP=24.0 kgmol-1; Polydispersity=1.09; 
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Polymer Source, Inc.) was dissolved in toluene at a concentration of 0.2 mgmL-1 and 0.1 
mgmL-1 , and purified with 200 nm polytetrafluoroethylene (PTFE) filters, respectively. The 
cylinder lens (L=9.5mm, H=4.0mm, W=11.0mm, Figure 43b) and silicon substrate were used 
as the upper and lower surface, respectively, to construct a confined geometry. The silicon 
substrates were cleaned with a mixture of sulfuric acid and Nochromix, then rinsed 
extensively with deionized (DI) water and blow-dried with N2. The cylinder-on-Si geometry 
was placed in a sealed chamber to minimize possible air convection and maintain constant 
temperature during the evaporation process.  
Swelling-induced Wrinkles. The regular PMMA and PS-b-P4VP patterns formed on the 
PVP thin film were exposed to ethanol vapor in a closed vessel (Figure 43). The small piece 
of gauze soaked with ethanol solvent was placed into a 33 cm3 vessel. The vessel was sealed 
by Teflon and placed in an argon grove box to avoid temperature and humidity variation. 
Characterization. The surface structures produced on Si substrate were characterized by 
optical microscopy (Olympus BX51 in the reflection mode) and atomic force microscopy 
(ICON, Bruker). Vista probes (T190) with spring constants 48Nm-1 were used as scanning 
probes.  
 
Results and Discussion 
PMMA was used as nonvolatile solutes to prepare PMMA toluene solutions with the 
concentration 0.2 mgmL–1. The evaporation, in general, took less than 30 min to complete. 
After the evaporation was complete, two surfaces (spherical lens and Si) were separated and 
examined by using OM. Only the patterns on Si were evaluated. Highly ordered gradient 
concentric rings of PMMA, persisting toward the sphere/Si contact center, were obtained 
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over the entire surfaces of the sphere and Si except the region where the sphere was in 
contact with Si (Figure 43). The formation of periodic, gradient rings was a direct 
consequence of controlled, repetitive ‘stick-slip’ motion of the contact line, resulting from 
the competition of linear pinning force and nonlinear depinning force (i.e., capillary force) in 
the sphere-on-Si geometry. This is in sharp contrast with irregular concentric rings formed in 
an unbound liquid by stochastic ‘stick-slip’ motion of the contact line, suggesting that the use 
of the sphere-on-Si geometry rendered control over the evaporation rate, and is effective in 
improving the stability against the convection. 
Subsequently, the regular PMMA patterns formed on the PVP thin film were exposed 
to ethanol vapor in a closed vessel. Here, wrinkling can be induced by the ethanol vapor, as 
shown in the optical microscopy images in Figure 43. Due to the gradient of the stripes, the 
wrinkles patterns are obviously different (e.g., the wavelength of wrinkles) from outermost 
area to the innermost area. Representative AFM height images of wrinkles within the stripes 
with different radial distances, X (Fig. 1), away from the center of the sphere/Si contact are 
shown in Figure 44. The recession of the center-to-center distance between adjacent rings, λ 
C–C, and the height of the ring, h, the width of the stripe, w, the wavelength and the amplitude 
were clearly evident. As the solution front moved toward the center of the cylinder/Si contact 
due to evaporative loss of toluene, all the numbers mentioned above are decreased. Since the 
mechanical properties (e.g. Young’s modules) are highly dependent on the measured 
wavelength of the stripes, these gradient polymers stripes had clearly shape-dependent 
mechanical properties. 
The mechanism leading to the growth of these new hierarchical structures of wrinkles 
in a confinement stripe should involve viscous flow in the polymer layer and solvent 
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diffusion. To get a first insight into this complex mechanism, the in-situ OM observation was 
conducted to reveal the formation process of wrinkles, as shown in Figure 45.  At first, 
parallel wrinkles are observed when the solvent diffuses from the edge yielding a linear front. 
Subsequently, the wrinkles domains grow and meet together at the center of the stripes. 
These immersed wrinkles from two edges of one stripe make these wrinkles parallel to each 
other locally within the stripe.  
When choosing PS-b-P4VP as the building block, instead of PMMA, intriguing three-
level hierarchical micelle structures can be induced.  Since toluene is a strong selective 
solvent for PS, PS-b-P4VP copolymers spontaneously assemble into spherical micelles with 
a soluble PS corona and an insoluble P4VP core in toluene (Figure 43a).63-65 The PS blocks 
formed coronae around insoluble P4VP cores to reduce energetically unfavorable interactions 
with the solvent.65, 66 As shown in Figure 4, micelles were wrinkled within one stripe. It is 
noteworthy to find at the top of the wrinkles, the micelles are separated a litter, however, at 
the bottom of the wrinkles, the micelles are squeezed. In other words, the distances between 
the micelles are modified by the wrinkles.  
 
Conclusions 
In summary, by combining the solvent-induced preferential swelling of PVP  substrate 
and wrinkling effect due to modulus mismatch in the upper PMMA stripes and PVP thin film, 
we present the formation of hierarchically well-ordered wrinkled patterns over large areas. 
The key difference from the prior reports on swelling-induced surface pattern formation is 
that we create gradient stripes via controlled evaporative self-assembly (CESA), with 
decreasing width and height from the outermost area to the innermost area. These observed 
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different wrinkle wavelengths and amplitudes within the stripes indicated shape-dependent 
mechanical properties of patterned polymer stripes. Moreover, when using PS-b-P4VP 
instead of PMMA deposited on the PVP thin film, intriguing three-level hierarchical micelle 
structures can be yielded. The precise prediction and evaluation of mechanical moduli of 
patterned polymer thin films will provide useful guidance to rationally design and control 
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CHAPTER 9. SPONTANEOUS FORMATION OF WELL-
ORDERED MICROCHANNELS VIA EVAPORATIVE SELF-
ASSEMBLY 
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Abstract 
When a latex particle dispersion freely evaporated on a rigid substrate, the enormous 
stresses developing during the evaporation process can fracture the thin film and prolongate 
the cracks towards the center, thus forming intriguing well-aligned microchannels in the 
patterns. By simply tailoring the upper confinement, the imposed geometry (i.e., needle and 
slides) directs the formation of a variety of complex, highly regular patterns in a precisely 
controllable manner. Subsequently, these microchannel patterns can be served as templates to 
direct the formation of Au stripes. This simple and cost-effective approach opens a new 
avenue for producing macroscopic patterns that have potential as scaffolds or substrates in 
the field of microelectronics or microfluidic-based biochips.  
 
Introduction 
Surface patterning of well-ordered two-dimensional (2D) structures have attracted 
many interests recently due to their potential applications in optics,1, 2 optoelectronics,3, 4 
electronics,5 magnetic materials6 and biotechnology.7 Compared to conventional top-down 
techniques (e.g., photolithography, e-beam lithography, soft-lithography and nanoimprint 
lithography), self-assembly is the self-made process of directing materials into surface 





lithography-free and cons-effective approach to construct highly ordered, often intriguing 
structures, which can be applicable for potential applications, e.g., optical and electronic 
devices.8, 9 Especially, among variety of self-assembly processes, dynamic (i.e., energy-
dissipative) self-assembly of the components by solvent depletion in a single droplet 
evaporation process has been recognized as recognized as an extremely simple way to 
produce a diverse range of intriguing surface patterns in simple, rapid, inexpensive and 
scalable manner, thus yielding dissipative, complex and ordered structures, e.g., concentric 
coffee rings, fingering patterns, and thin structured films of colloids, over large areas. 10-26 
Latex particles dispersions with a liquid phase solvent, which are widely used as a 
classic research system, self-assemble into a wide range of intriguing and ordered structures 
after complete drying. Recently, a variety of methods have been adopted for structuring 
particles on a flat substrate, including controlled evaporative self-assembly, 2, 27, 28  surface 
modification,29, 30 and template-directed assembly 31-33. In contrast to controlled assembling 
and positioning colloidal particles into well-ordered arrays or stripes, crack during drying of 
latex particle dispersion has also received considerable attention from both academic and 
industrial researchers.34-38 It has been investigated for a variety of systems, including wet 
clays, ceramic films, colloidal dispersions and etc.39-44 These cracks can exhibit intriguing 
morphologies, including two-dimensional networks and logarithmic spirals. 45, 46 Crack 
formation has been widely studied in experiments, and many models have been developed to 
describe the qualitative features of crack morphology and the drying process responsible for 
cracking. 36, 47 In contrast to the well-studied drying mechanisms, there is little report focused 
on the control of directional cracks to form intriguing patterns with large areas, and its 





highly ordered directional channel patterns over large areas formed via evaporation-induced 
self-assembly. During the evaporation process, the enormous stresses induced during 
evaporation fractured the thin film and prolongated the cracks inward to the center. By 
employing different upper confinement (e.g., needle or glass slide), complex but ordered 
microchannel patterns can be precisely controlled and yielded. Subsequently, the 
microchannels served as template to direct the formation of Au stripes with unprecedented 
regularity.  This simple and cost-effective approach opens a new avenue for producing 
macroscopic patterns that have potential as scaffolds or substrates in the field of 
microelectronics or microfluidic-based biochips. 
 
Experimental Section.  
Evaporative Self-Assembly of PS Latex Aqueous Solution.  The aqueous solutions 
containing PS latex particles with diameter of 50 nm was purchased from Thermo Scientific 
(c = 1.0 wt% particle solids) without further purification. The Si substrate was cleaned with a 
mixture of sulfuric acid and Nochromix, then rinsed extensively with deionized (DI) water 
and blow-dried with N2. Hexamethyldisilazane (HMDS，99.9%) substrate was prepared by 
spin-coating (3000rpm and 60s) on the Si substrate, thus changing its surface property from 
hydrophilic to hydrophobic. The whole setup (the substrate and heater) was placed in a 
sealed chamber to minimize possible air convection and maintain constant temperature 
during the evaporation process. After the evaporation was complete, the patterns formed on 
the substrates (Si or HMDS) were investigated. 
Characterization. The surface structures produced on Si substrate were characterized by 





(ICON scanning force microscope in the tapping mode). Vista probes (T190) with spring 
constants 48Nm-1 were used as scanning probes. Patterns of PS latex microchannels were 
observed by a field-emission scanning electron microscope (FE-SEM; FEI Quanta 250) 
operating at 20kv in High Vacuum.  
Results and Discussion 
The aqueous solutions containing PS latex particles (D=50 nm) were chosen as 
building blocks to prepare the microchannle patterns by simply dropping small amount of 
solution (V=15μL) on the rigid silicon substrate. To promote the evaporation of water, the 
aqueous solution was heated at a fixed temperature (T = 600C), by placing a heat plate 
beneath the Si substrate.  Previous we reported the formation of parallel PS latex stripes via 
confined evaporative self-assembly (CESA), due to the controlled and repetitive “stick-slip” 
motion of the three-phase contact line.28 However, instead, here an intriguing well-ordered 
“spoke” like pattern with large areas was observed on the silicon substrate after complete 
evaporation, as shown in Figure 47. The heated substrate enhances the evaporation process, 
thus making the whole process complete less than 5 min. The entire pattern was formed over 
6x6mm2 surface areas and the optical microscope (OM) images only showed a small part of 
it. It is noteworthy that these “spokes” prolongate from the edge to the center of the pattern 
without intersecting each other, and locally, the patterns appear as well-ordered parallel 
stripes, as shown in the lower left panel in Figure 47. It is also of interest to note that the 
well-ordered “spoke” like pattern observed here were highly reproducible.   
Scanning electron microscope (FE-SEM, see Experimental Section) was used to 
closely examine the detailed surface morphology and the packing of the PS latex particles, as 





arrays of PS latex microchannels (cracks), with the width of about 1μm. The distance 
between the adjacent channels varies from 10-20μm, which is highly related to the local film 
thickness.34, 35 As the zoom-in image (Figure 47c) shown, the crack is quite sharp and the 
film around the cracks was consisting of more than 10 layers of particles. Between the cracks, 
it is noteworthy to observe that highly close-packed latex particles with small surface 
roughness formed between adjunct cracks, as shown in Figure 47d. During the evaporation, 
the particles at the surface of the film will be pulled together due to the capillary forces, and 
the rapidly descending meniscus push the particles down, taken together, thus forming these 
intriguing close-packed PS latex particles on the surface of the film.48 The cross-section of 
AFM height image reveals that these channels have a relatively depth of about 400nm. 
However, since the AFM tip may not reach the bottom of the cracks (See Supporting 
Information), this number is suspicious. When prepared the sample on the glass substrate 
with some concentration and heating temperature, the cracks were also clearly observed on 
the back side of the sample (See Supporting Information).  It indicates that the cracks 
penetrate the whole film, which means, the depth of the crack is equal to the local thickness 
of the thin film.  
In situ OM observation reveals the dynamic drying process, as shown in Figure 49.  
The evaporation of the solvent concentrates the particles into a close packing and form a thin 
film first (Figure 49b), and no cracks observed at this stage. Further evaporation pulls the 
three phase interface inward, at the same time, generating a negative capillary pressure	ܲ~ ఊோ, 
which is in proportion to the surface tension of liquid γ and the curvature of the meniscus R. 
Atmospheric pressure puts the entire film into compression, thus inducing stresses since the 





the packed particle film, the strain energy stored in the film can be released by creating new 
interfaces, thus a crack is formed, as shown in Figure 49c. The newly formed crack can be 
served as the nucleation and propagates in a direction perpendicular to the drying front, as the 
drying front moving inward due to the continued evaporation. 34, 35 Finally all the cracks end 
and concentrate at the center point of the thin film, thus forming the “spoke” like patterns, as 
shown in Figure 49a and Figure 49d. It is of interest to observe that there is a small region I 
(marked in Figure 49c and 3d) between the cracks and the moving drying front, which is the 
region the particles are also close packed.48 The width of the region I was observed to remain 
approximately constant during the evaporation process, which indicates the moving velocity 
of the cracks are only dependent on the moving speed of the drying front. These observations 
are consistent with other literature reports of drying colloidal films. 12, 34-37 It is noteworthy 
that, in contrast to the random shrinkage-crack patterns, drying-induced cracks can invade a 
surface, penetrate the whole film, and propagate inward to the center of the thin film, as the 
movement of the drying front, thus forming directional well-ordered channels, which have 
potential as scaffolds or substrates in the field of microelectronics or microfluidic-based 
biochips.  
It is well known that the surface wetting ability of substrate will predictably govern 
the structure formation. Here we repeated the experiment on the hydrophobic HMDS 
(hexamethyldisilazane) coated substrate. It is no surprising that no well-ordered channels 
were observed after the evaporation. Instead, highly concentrated ring pattern was observed 
on the HMDS surface (See Figure S3 in Supporting Information). Due to the large contact 
angle between the solution and the substrate, the three phase contact line pinned during 





Additionally, we note that the heating temperature (T = 60oC) was critical in the present 
study. At room temperature, the evaporation rate was quite low at the water/air/substrate 
three phase contact line, thus making insufficient time for the stress release of the drying 
front during the evaporation process.34 As a result, the spatial arrangement of the cracks was 
no longer unidimensional, instead, secondary branching between cracks were observed and 
less ordered patterns were formed (Figure S3 in Supporting Information). 
 It has demonstrated that the confined geometry can be tailor-made to craft a rich 
family of surface patterns with evaporation induced self-assembly. The variation in size, 
shape, symmetry, and curvature of confined geometries will inevitably influence the 
evaporation process and the associated flow field, thus leading to interesting patterns with 
different morphologies.49 By manually choosing the upper confinement to different shapes 
(i.e., two needles, three needles and glass slides) and vertical immersing them into the droplet 
during the evaporation, different forms of microchannels can be specifically “synthesized”. 
As shown in Figure 4, parallel cracks formed at the side of the gap between two touch points 
of the needles (Region I in Figure 4a), and at other regions, spoke-like patterns are still 
retained (Region II in Figure 4a).  When using three needles to guide the flow field inside the 
droplet, similar patterns were formed after evaporation, which is, parallel channels (region I 
in Figure 4b) and “spokes” (region II in Figure 4b) were created respectively. The forming 
channel patterns are strongly dependent on the position of these imposed needles and the 
distance between the needles. It is of interest to observe the parallel stripes with large areas 
when imposing the glass slide as upper confinement at the center of the droplet. These 
parallel and directional channels pointed from the edge of the droplet to the contact center 





geometries can be further chemically and/or physically modified to afford an even broader 
range of complex assembled structures.  
 The unprecedented regularity of these channels makes them intriguing templates for 
producing ordered metal stripes. After preparing the particle channels, 50nm thick Au was 
sputtered on the prepared sample. To achieve Au stripes, the sample was then placed in 
furnace at 400oC for 2h to thermally decompose buried PS Latex particles, followed by 
extensive ultrasonication in toluene for 30 min, as shown in Figure 51a. In order to remove 
residual polymers on the surface, these processes (thermally decomposition and 
ultrasonication) may conduct more than once. OM images showed the “Spoke-like” and 
parallel Au stripe replica was obtained eventually after unltrasonication in toluene, from the 
sample created via freely evaporation and confinement under glass slide, respectively (Figure 
51b). The order of Au stripes was reminiscent of the arrangement of PS latex channels and 
was not affected by the thermal treatment and subsequent ultrasonication. A typical AFM 
height image with a cross-section profile is shown in Figure 51c.  The width and height of the 
Au stripe are about 600nm and 40nm, respectively. Compare to the original width of particle 
channel (about 1μm), the size decreasing may due to the long diffusion path of gold atoms 
during sputtering in the channels and little delamination when removing the polymer 
template. It is noteworthy that little amount of polymer still attached on the surface, as a 
result, higher thermal temperature or longer sonication are required. However, higher thermal 









In conclusion, highly ordered PS latex microchannels were formed on the surface via 
evaporation-induced self-assembly in a simple and cost effective manner.  The formation of 
directional cracks was due the enormous stresses developing during the evaporation process, 
which can fracture the thin film and prolongate the cracks towards the center. By manually 
choosing the upper confinement (i.e., needles or glass slides), a range of complex assembled 
structures was achieved. Subsequently, these PS latex microchannels serve as templates to 
direct the formation of well-ordered gold stripes. There resulting metal arrays may offer 
possibilities for many applications, including microelectrics and data storage devices. We 
envision that the biomaterial, such as DNA, other than inorganic material, can be easily 
obtained with a rich family of surface patterns from corresponding template produced with 
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CHAPTER 10. SUMMARY AND OUTLOOK 
 
This simple, cheap yet controllable and robust preparative strategy based on CESA of 
confined solutions has been used to assemble various soft and hard materials, including 
polymers, biomolecules, nanoparticles, etc., into spatially ordered structures with engineered 
properties and functionality over large surface areas. The confined geometry imparts a 
unique environment for exquisite control over the flow within the drying droplet, which in 
turn promotes the formation of highly regular complex structures. The scope of potential 
applications for such structures is vast, encompassing combinatorial chemistry, inkjet 
printing, electronics, optical coatings with selective or enhanced transmittance, optical 
materials, photonics, optoelectronics, energy conversion and storage, microfluidic devices, 
magnetic materials, information processing and data storage devices, multifunctional 
materials and devices, nanotechnology, sensors, DNA/RNA microarrays, gene mapping of 
DNA, high-throughput drug discovery, and biotechnology. Future work in this 
extraordinarily rich and exciting field will likely include the following directions: theory and 
simulations on deposition patterns, three dimensional assemblies, hierarchically ordered 
structures, and in-situ visualization on structural anisotropy and assembly/crystallization 
process.  
The ability to predict the length scales of periodicity, height, and width as a functional 
of a wealth of variables noted in Section 3, and then compare them with experimental 
observations, is key to understanding the mechanisms of structure formation via CESA in 
confined geometries. Clearly, the rich deposition patterns resulted from controlled 
evaporation require aggressive theoretical studies and computer simulations to provide a 
basis for fully understanding the assembly process and identifying assembly pathways to 
produce controllable and consistent depositions in confined geometries. This remains 
challenging as the determination of the evaporation profile with these nonconventional 
boundary geometries, rather than a simple geometry (i.e., spherical cap in a sessile droplet) is 
one of the primary obstacles for rigorously solving the deposition problem.  
184 
 
It is noteworthy that 1D and 2D ordered structures can be readily achieved by current 
state-of-art CESA approaches. By contrast, effective methods to prepare 3D structures are 
rather few and limited in scope. In principle, it is highly desirable to create 3D structures for 
many potential applications such as photonic crystals, electronics, MEMS, and so forth. 
Innovative approaches based on extremely simple evaporative assembly to rationally craft 
3D structured materials and devices should be developed. One route that may lead to 3D 
assembly and ordering is to exploit patterned substrates of proper dimensions and aspect 
ratios, either simply physically or both chemically and physically patterned, to guide the 
transport of solutes to fill the patterns or situate in the vicinity of patterns. Furthermore, 3D 
structures may also be realized by performing staged or sequential assembly processes in the 
confined geometry.  
Hierarchical structures are common in both nature and technology. The combination 
of CESA in confined geometries with smaller-scale molecular self-assembly (e.g., block 
copolymers) leads to hierarchically ordered structures with specific synergetic properties that 
would offer new opportunities for many applications in the areas of electronics, optics, and 
energy storage. We note the formation of the block copolymer-based hierarchical ordered 
structures often requires subsequent thermal annealing or selective solvent vapor annealing to 
achieve the ordering and orientation of nanodomains within the microstructure formed by 
CESA. In this context, it is of great interest to explore powerful and efficient methods to 
develop hierarchically ordered functional structures with precisely controlled dimension, 
function, and topology in one-step, eliminating the annealing treatments. This is of particular 
importance when block copolymer/nanoparticle mixtures are used as tremendous challenges 
remain in the simultaneous controllable incorporation of nanoparticles within the target block 
and the ordering and orientation of block copolymer within the CESA-induced microscopic 
structures to provide functions and forms at multiple scales and locations. It is worth noting 
that ordered hierarchical assembly composed of nanocrystlas (e.g., quantum dots, QDs) as 
building blocks has been achieved, however the QDs within submicron-to-micron wide 
patterns are often randomly arranged or aggregated. Recent advances in the synthesis of 
nanocrystals have allowed the growth of a variety of nanocrystals of different size, shapes 
and functionality. A possible route to assembling nanocrystals into ordered arrays (i.e., 
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superlattice) within structured patterns by CESA (i.e., forming hierarchically assembled 
nanocrystals over multiple length scales) will be to expedite the controlled evaporation 
process (i.e., faster solvent evaporation rate) by tailoring viable variables discussed in 
Section 3. Future development of hierarchically ordered structures with greater functionality 
and complexity via CESA will likely involve the concurrent multicomponent self-assembly 
by deliberately capitalizing on the aspects of shape of solutes, intermolecular interactions, 
induced conformation changes of solutes, tailored solute/substrate interactions, phase 
segregation, external fields, and so forth.   
The liquid evaporates from the droplet edge in confined geometries should largely 
affect the flow of fluid inside the droplet. Thus, the determination of flow profiles in the 
droplet will help understand the solute transport and/or redistribution under different 
experimental conditions by monitoring fluorescent solutes using the tool of particle image 
velocimetry. To map the flow profiles inside an evaporating droplet containing polymer 
chains that may crystallize or self-assemble into nanostructures during the course of solvent 
evaporation, it is vital to utilize or develop novel optical characterization techniques that can 
offer reliable and appropriate measurement. For example, fluorescence dynamics technique 
images the trajectory of polymer chains, in-situ angular dependent polarized Raman 
spectroscopy monitors the Raman shift as a function of time to provide information on 
evolution of the chain alignment, and rapid scan time-resolved infrared spectroscopy studies 
the in-situ crystallization induced by evaporation. Moreover, it would be invaluable to exploit 
state-of-art spectroscopic techniques to probe the simultaneous occurrence of phase 
segregation, assembly, and crystallization in the proximity of the moving three-phase contact 
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